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1. INTRODUCTION 
The demand of power is increasing day by day due to rapid growth in 
industrialization. Nearly 73% of India's total installed power generation capacity is 
thermal, out of which, coal based generation is about 90%. But at the same time, 
disposal of huge quantity of fly ash generated frOm the Thermal Power Plants is a 
burning issue. Most of the Thermal Power Plants are now facing shortage of dumping 
space for these waste materials. The World Bank has cautioned India that by 2015, 
disposal of coal ash would require 1000 square kilometers of land. The World Bank 
has also highlighted the need for new and innovative methods for reducing impacts on 
the environment. According to a report (Basak el al. 2004) the accumulated fly ash in 
the last year was about 100 million tonnes (MT) which is expected to be raised 
beyond 150 MT by the year 2010. This necessitates the need of an effective utilization 
of this accumulated waste material. However, wastes are not completely worthless if 
one goes by the claims of scientists at the international conference on "Fly ash 
disposal and utilization" (Sinha et al. 2000). Fly ash, an oxide-rich waste product of 
Thermal Power Plants, can be used as the raw material for different construction 
activities. 
Globally, the estimated quantity of wastes generation was 12 billion tonnes in the year 
2002 of which 11 billion tonnes were industrial wastes and 1.6 billion tonnes were 
municipal solid wastes (MSW). About 19 billion tonnes of solid wastes are expected 
to be generated annually by the year 2025 (Yoshizawa et al. 2004). Annually, Asia 
alone generates -4.4 billion tonnes of solid wastes and MSW comprise of 790 MT. 
Out of which about 48 MT (-6%) are generated in India (Yoshizawa et al. 2004; 
CPCB 2000). In India, -4.5 MT of hazardous wastes are being generated annually 
during different industrial process like electroplating, metal extraction processes, 
galvanizing, refinery, petrochemical industries, pharmaceutical and pesticide 
industries (Asokan 2004; MEF 2003). 
The electroplating or metal finishing industry has been playing a momentous role in 
the development and growth of metal manufacturing and other engineering industries. 
since the early part of this century. According to a report (WikiAnswers 2006), in the 
year 2006 about 700,000 electroplating units were operating in India, out of which 
about 5000 units are located in Aligarh, Uttar Pradesh. The wastewater generated in 
Aligarh by lock industries, specially electroplating industries is around 250 million 
litres per day (Agarwal 2001). The electroplating industries generate large quantities 
of toxic waste sludge containing Cr, Pb, Ni, Cd and Zn that were mainly disposed on 
landfill, causing real threat to the environment. 
Solidification/stabilization (S/S) is a promising technology that uses the addition of 
binding agent to encapsulate and reduce the mobility of the hazardous waste elements. 
As the restrictions on land filling become stronger and wastes were banned from land 
disposal, S/S could potentially play an important role in making wastes acceptable for 
land disposal. Most of the stabilization process of the waste sludge was carried out in 
the past by mixing it directly with fly ash and cement, whereas the waste sludges 
particularly the electroplating waste sludge contains toxic chemicals like cyanide 
whose prior reduction is important (Guo et al. 2001; Nathalie et al. 2006). Whereas, 
the precipitation of heavy metal using lime before stabilizing it with fly ash and 
cement has been to improve the performance of the mix in terms of leaching 
resistance and strength. 
The present study therefore, envisages the formation of a mix using fly ash, 
electroplating waste sludge and cement that has highway and geotechnical 
applications. The large scale use of such materials will not only help in conserving the 
ecological balances, but will open up opportunities for the industries to produce a low 
cost material based on these waste, for mass scale applications. 
2. LITERATURE REVIEW 
Transformation of these waste materials into a suitable construction material may 
minimize the cost of its disposal and alleviating environmental problems. Fly ash has 
become an attractive construction material becau.se of its self hardening character 
which depends on the availability of free lime in it. On the other hand electroplating 
waste sludge, which contains enormous amount of heavy metals, needed to be 
stabilized properly by using fly ash and cement. Hence, both these wastes will be 
transformed into environmental friendly construction materials. This area has 
attracted the attention of many researchers to stabilize the waste sludge containing 
heavy metals using fly ash and cement (Weng and Huang 1994; Parsa et al. 1996; 
Sophia and Swaminathan 2005; Turkel 2006). These studies showed that the waste 
sludge containing heavy metals, when stabilized with fly ash and cement, the mix 
exhibits acceptable compressive strength and good leaching resistance. However, 
these studies have not carried out the treatment and precipitation of the waste sludge 
before stabilization. Therefore, keeping in view the necessity of stabilizing the 
electroplating waste sludge using fly ash and cement, first of all, the waste sludge was 
treated and precipitated using lime. Lime was selected to provide additional 
neutralizing capacity and to assure localized pH values greater than 10 required for 
CaCOs formation before stabilization (Guo et al. 2001; Shah and Ahmad 2008). 
In this study a modest but environmental friendly method has been proposed vsdth 
prior destruction of cyanide, reduction of Cr (VI) to Cr (III) and effective precipitation 
of waste sludge leading to a solid having high structural integrity (Nathalie et al. 
2006). Several studies on the solidification of metals in synthetic waste were reported 
but data on application of solidified industrial waste sludges are very few such as 
(Al-Amoudi 2002; Quiroz and Zimmie 1998; Humphrey et al. 1998; Senadheera et al. 
1998; and Meegoda et al. 1998; Osinubi and Nwaiwu 2006; Ghosh and Subbarao 
2007). 
The peribrmance of mixes depends upon the compaction or densification of the fill. 
Proper compaction is therefore, critical to the performance of fly ash and 
fly ash-waste sludge fills. The maximum dry density (MDD) and optimum moisture 
content (OMC) obtained by Proctor test becomes the benchmark for determination of 
quality of compaction. The unit weight of fill is of primary importance since it is the 
major determinant of its strength and compressibility (Clark and Coombs 1996). 
Knowledge of shear strength of the material used as structural fill, embankment 
material or road sub-base is the prerequisites for the design of such structures. Shear 
strength of fly ash is mainly derived from its angle of shearing resistance, as it is a 
non-plastic material. Development of cohesion in fresh compacted samples is reported 
which is due to surface tension in pore water/effect of capillarity. Cohesion is found 
to improve with time due to its age hardening properties (Gray and Lin 1972; DiGioia 
and Nuzzo 1972). Leonards and Bailey (1982) indicate that coarser fly ashes show 
smaller apparent cohesion as compared to fine ashes. Apparent cohesion is lost on 
submergence and it cannot be counted in design (Toth et al. 1988). Similar 
observations are made on pond ash also (Sridharan el al. 1999). It is also indicated 
that angle of shearing resistance is not much different for compacted and saturated 
conditions, but Skarzynska and Rainbow (1989) indicate a significant reduction is 
angle of shearing resistance on saturation. Trivedi and Sud (1999) indicate presence 
of cohesion in dry samples due to particle interlocking. However, it lacks database on 
the California bearing ratio (CBR) and shear strength behaviour of compacted fly ash 
and fly ash-cement-waste sludge mix, which can provide direct evidence on their 
performance as structural fills. To fill this gap, a comprehensive experimental study 
consisting of shear strength and California bearing ratio tests were carried out on 
compacted fly ash, fly ash-waste sludge, fly ash-cement and fly ash-cement-waste 
sludge mix. 
Properly compacted fly ash fills have exhibited adequate capacity to bear structural 
loads (Toth el al. 1988; Indraratna el al 1991; Dhar el al. 1999). Low lying areas are 
often raised to the formation level using compacted fly ash fills and structures are 
built on it. Bearing capacity and settlement of foundation on such fills are required 
input for design. However, it lacks database on the load-settlement behaviour of 
compacted fly ash and fly ash-cement-waste sludge fills, which can provide direct 
evidence on their performance as structural fills. A comprehensive experimental study 
consisting of plate load test on compacted fly ash, fly ash-cement-waste sludge beds 
have been planned. Plate load tests carried out on prepared compacted test beds of 
fly ash, fly ash-cement, fly ash-waste sludge and fly ash-cement-waste sludge and 
their combinations. In order to examine the behaviour of these test beds under various 
possible conditions, tests were carried out immediately after compaction, after 
different periods of aging (curing) and under fully submergence conditions of test 
beds. 
The literature survey revealed that the studies on stabilization and leaching behaviour 
of wastes containing heavy metals using fly ash and cement have been carried out in 
the past by various researchers. However, the possibility of mass scale utilization of 
the stabilized mix has not yet been explored. On the other hand the utilization of 
stabilized mix in geotechnical applications such as structural fills, embankments. 
replacement of subgrade and foundation soil etc., is the most promising solution to the 
problem of disposal of fly ash and waste containing heavy metals such as 
electroplating waste sludge etc. 
However, fills with these materials as discussed in the literature review, suggests that 
the following aspects need to be understood in more detail: 
• The electroplating waste sludge will be treated and precipitated by lime, before 
stabilizing it with fly ash and cement. The 10% lime has to be added in the waste 
sludge for precipitation, which is 6% more than the calculated quantity (4%). The 
extra lime in the waste sludge will participate in pozzolanic reaction with fly ash. 
Hence, making the mix stronger and less permeable. 
• The leaching behaviour of the stabilized mix need to be monitored for longer 
duration of time at regular intervals. 
• Use of fresh or remolded samples and the delay time between preparation of wet 
mix and compaction while carrying out proctor compaction test have affected the 
value of compaction parameters, MDD and OMC in the case of soils. The 
influence of these factors in case of fly ash and fly ash-waste sludge need to 
evaluated and standard procedures for preparation of test samples for compaction 
test need to be evolved. 
• The shear and bearing (CBR) strengths of fly ash and fly ash stabilized with lime 
and cement is available in literature, but these properties need to evaluate for the 
mix, combined with fly ash-waste sludge and cement. 
• Plate load test has been adopted to evaluate the performance of compacted beds of 
fly ash and fly ash-waste sludge and cement under different curing periods and 
fully submerged conditions. 
• Compacted fly ash beds are subjected to pre-consolidation stress produced by the 
compaction process. Therefore, the existing methods of correlation between SPT 
'N' or static cone penetration values with settlement as given by Terzaghi, 
applicable for natural deposits of sand, may not be applicable in the case of 
compacted fly ash and fly ash-waste sludge-cement fills. Hence, a suitable method 
to predict the load-settlement behaviour of footing resting on such fills which 
takes into account the pre-consolidation stress is needed. 
3. OBJECTIVES OF THE STUDY 
The aim of the present study is to carry out detailed investigations on fly ash procured 
from Harduaganj Thermal Power Plant and electroplating waste sludge along with 
cement for its subsequent utilization in various geotechnical and highway 
applications. The detailed work plan has been given below: 
(i) The reduction of cyanide, treatment and precipitation of electroplating waste 
sludge obtained from Harduaganj Thermal Power Plant has to be carried out. 
(ii) To study the compressive strength and leaching behaviour of treated and lime 
precipitated electroplating waste sludge, fly ash and cement mix. This study will 
set a base line for carrying out further investigations, which are important for its 
mass scale utilization. 
(iii) To study the influence of various parameters on maximum dry density (MDD) 
and optimum moisture content (OMC) of fly ash and combination of fly ash-
waste sludge mixes. 
(iv) To assess the shear strength characteristics of the mix comprising of fly ash-
cement-waste sludge. 
(v) To evaluate the bearing strength (CBR) of the mix, which is one of the most 
important parameters used in the design of flexible and rigid pavements. 
(vi) To study the load-settlement behaviour of compacted fly ash and mix fills and to 
suggest a procedure for estimating load-settlement of footing on one of the 
effective combinations. 
4. CHARACTERIZATION OF MATERIALS AND STABILIZATION 
OF MIX 
Fly ash procured from Thermal Power Plant, Harduaganj, 16 km from Aligarh City. 
India, was used as the test material. This fly ash is classified as Class F type which is 
having low pozzolanic properties. The fly ash resembled with the particle size of silts 
and classified as ML. 
Electroplating waste sludge was collected in the form of filter cake from one of the 
electroplating industries in Aligarh, India, in which nickel, chromium, zinc and 
cadmium plating were done, associated mostly with lock and hardware industries. In 
this city, more than 5000 number of big and small plants are working, producing 250 
million litres of waste water per day. The waste sludge used for the present study 
comprises of 70% solid waste and 30% waste water, having pH as 1.2. specific 
gravity as 1.022. The waste sludge is having enormous quantity of heavy metals such 
as Ni, Cr, Zn. Cd, Cu and Pb. 
The finely powered white coloured lime was used as precipitator for electroplating 
waste sludge. The cement used in this study is OPC-43 grade. 
The compressive strength tests were conducted on 100 x 100 x 100 mm cubes 
prepared with different combination of fly ash (FA)-waste sludge (S) and cement (C), 
at 7, 14, 21. 28 and 90 days of curing. The toxicity characterisfics leaching procedure 
(TCLP) tests were conducted on the samples at 28, 60, 90, 120, 150, 180, 210, 240, 
270, 300, 330 and 365 days of curing. On the basis of compressive strength and TCLP 
leaching tests on various combinations of fly ash-waste sludge-cement, the most 
effective percentages of waste sludge were obtained in the range of 30% to 45%. 
whereas, for economical considerations the cement percentage was fixed as 8% in the 
fly ash for carrying out further studies. The maximum compressive strength was 
obtained for 60% to 55%FA, 30% to 45%S and 8%C composition. The average 
compressive strength for this range of mix has been found to be 38.4 MPa at 
28 days of curing. It is also observed that the maximum quantity of waste sludge, 
which could be added in fly ash is upto 45%. The addition of waste sludge beyond 
45% decreases the strength of the mix due to development of shrinkage cracks. On 
analyzing the scanning electron microscopy (SEM) and X-ray diffraction (XRD), it 
was found that the strength retarded due to formation of ettringite and carbonation 
reaction in the presence of excess amount of sulphate and lime with the addition of 
waste sludge beyond 45%. 
The pH values of different mixes are found in the range of 6.9-10.9. The analysis by 
atomic absorption spectrophotometer (AAS) reveals that the concentration of heavy 
metals in the leachates is reduced by 97%-100%. When the experimental results of 
leaching are compared with US EPA (1992), EEC (1991) and DIN (1984). it is found 
that the heavy metals in the waste sludge were completely stabilized by 
fly ash-cement system. 
5. COMPACTION PROPERTIES OF FLY ASH AND FLY ASH-
WASTE SLUDGE MIX 
Standard and modified Proctor compaction tests were carried out keeping 
(i) 30%-50% waste sludge and 70%-50% fly ash; (ii) use of fresh/remolded samples; 
(iii) preconditioning period; and(iv) compaction energy as variable parameters. 
The value of maximum dry density (MDD) of mix 55%FA+45%S was observed as 
13 kNW which is about 40% more than MDD value (9.30 R N W ) of fly ash under 
fresh condition. However, under remolded condition the mix 60%FA+40%S gives 
optimum value of MDD (13.40 kN/m'') which is 31% more than the MDD value 
(10.20 kN/m^) of fly ash under similar test condition. For the estimation of MDD of 
fly ash and fly ash-waste sludge, a linear empirical model has been chosen suggested 
by Bera el al. (2007) in terms of optimum moisture content (OMC) and specific 
gravity (G). The proposed method has been validated for Harduaganj fly ash and 
fly ash-waste sludge mixes. 
6. STRENGTH CHARACTERISTICS OF FLY ASH MODIFIED 
WITH CEMENT AND WASTE SLUDGE 
The undrained unconsolidated (UU) triaxial shear tests were conducted on cylindrical 
specimens of diameter 39 mm and length 84 mm, prepared for fly ash and different 
combination of fly ash-waste sludge-cement mixes. The tests were carried out at 
different curing periods of 7, 28 and 90 days. The shear strength parameters and 
undrained shear strength of fly ash and mix blends were determined. The outcome of 
the test results was quite encouraging in terms of undrained shear strength and shear 
strength parameters. The maximum gain in shear strength was obtained at 90 days of 
curing for the mix 47%FA+45%S+8%C (2.48 MPa) as compared to fly ash 
(0.10 MPa) for the same curing period. 
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The California bearing ratio tests were conducted on the fly ash and mix containing 
fly ash-waste sludge-cement under fresh and at 7, 28, and 90 days of curing. The CBR 
value of fly ash was obtained as 3.6% under fresh condition and 7.3% at 90 days of 
curing. The value of CBR at fresh condition is very low and undesirable for 
construction of pavement. On the hand when fly ash was mixed with waste sludge and 
cement, the CBR values increased significantly. The mix 47%FA+45%S+8%C gives 
maximum value of CBR (10.2%) under fresh condition, whereas, mix 
42%FA+50%S+8%C gives the maximum value of CBR (43.7%) at 90 days of curing. 
7. LOAD-SETTLEMENT BEHAVIOUR OF FLY ASH MIXED 
WITH WASTE SLUDGE AND CEMENT 
One of the effective utilization strategies for fly ash and fly ash-cement-waste sludge 
mix is to use it as a fill material to raise low lying areas. Bearing capacity and 
settlement are the required input for the design of foundations on such fills. However. 
it lacks database on the load-settlement behaviour of compacted fly ash and 
fly ash-cement-waste sludge fills, which can provide direct evidence on their 
performance as structural fills. To fill this gap, a comprehensive experimental study 
consisting of plate load tests, were carried out on prepared compacted tests beds of 
fly ash, fly ash-waste sludge, fly ash-cement and fly ash-cement-waste sludge and 
their combinations. In order to examine the behaviour of these test beds under various 
possible conditions, plate load tests were carried out immediately after compaction, 
after different periods of aging (curing) and under fully submerged conditions. 
The load-settlement curves were plotted for fly ash and mix blends. The minimum 
load was obtained for fly ash under submerged condition. The test results show that 
the fly ash becomes flowable on submergence. On the other hand when the fly ash 
was mixed with waste sludge and cement, the load carrying capacity was found to 
improve to a greater extent. Test beds prepared with fly ash-cement-waste sludge 
under as compacted condition (fresh) show very high load carrying capacity (1600-
2180 kN/m^). This is in an agreement with the results of plate load test (qu=1724 
kN/m^) reported by Leonards and Bailey (1982) on moist compacted ash containing 
46%-61% fines (fly ash) on 300 mm square plate. 
An analytical method suggested by Bobe and Pietsch (1981) has been chosen to 
estimate the settlement of footing resting on compacted fills taking into account the 
pre-consolidation stresses. The non linearity of load-settlement behaviour was 
appropriately modeled, on the basis of available plate load test data incorporated in 
the method. The method requires as input, the pre-consolidation stress and Young's 
modulus of compacted mix of fly ash-waste sludge-cement. A comparison of 
load-settlement values observed in plate load tests and predicted values for the mix 
47%FA+45%S+8%C, using the proposed method shows good agreement. Hence, the 
method proposed by Bobe and Pietsch (1981); Ramasamy and Pusadkar (2007) for 
computing settlement of Dadri fly ash may suitably be used for mix containing 
Harduaganj fly ash, lime precipitated waste sludge and cement as well. This 
relationship may also be useflil to the field engineers to check the reported load-
settlement values for such types of mixes in the field. 
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ABSTRACT 
The rapid pace of urbanization and industrialization necessitated setting up of large 
number of coal based Thermal Power Plants in the country to meet the energy 
requirements, resulting in a huge production of fly ash. Fly ash, a waste product of 
Thermal Power Plants is generally disposed off in vicinity of the plants as a waste 
material covering several hectares of valuable agricultural land. This affects the 
ecology of land, water and air in the region. The Indian Government enacted a law in 
October, 2005 stating that a minimum of 25 percent fly ash must be used in the 
manufacturing of clay bricks for use in construction activities within a 50 km radius 
of coal based Thermal Power Plants. There were also restrictions on the excavation of 
top soil for the manufacture of bricks. This necessitates effective utilization of this 
accumulated waste material. 
The electroplating industries are one of the oldest industries. These industries 
discharge highly toxic wastes, which include heavy metals and chemicals like 
cyanide. According to a report, in the year 2006 about 7,00,000 electroplating units 
were operating in India, out of which about 5000 units are located in Aligarh. The 
wastewater generated in Aligarh by lock industries, specially electroplating industries 
is around 250 million litres per day. 
The present investigation attempts to explore the possibility of best utilization of the 
these two industrial wastes viz., fly ash and electroplating waste sludge, after 
converting them into a non hazardous material through an economical process, 
leading to an effective waste management applications such as, construction products 
and structural fill material etc. 
Fly ash, procured from Harduaganj Thermal Power Plant, Harduaganj, 16 km from 
Aligarh, India, was used as the test material. This fly ash is classified as Class F type 
which is having low pozzolanic properties. The fly ash resembled with the particle 
size of silts and classified as ML. 
Electroplating waste sludge was collected in the form of filter cake fi-om one of the 
electroplafing industries in Aligarh City, India, in which Nickel, Chromium, Zinc and 
Cadmium plating were done, associated mostly with lock and other allied industries. 
The waste sludge comprises of 70% solid waste and 30% waste water, having pH as 
1.2, specific gravity as 1.022. The waste sludge was having enormous quantity of 
heavy metals such as Ni, Cr, Zn, Cd, Cu and Pb. The finely powered white coloured 
lime was used as precipitator for electroplating waste sludge. The cement used in this 
study was OPC-43 grade. 
Compressive strength tests were carried out on lOOxlOOx 100mm cubes prepared with 
various combination of fly ash (FA)-waste sludge (S)-cement (C), at 7, 14, 21. 28 
and 90 days of curing. The toxicity characteristics leaching procedure (TCLP) 
leaching tests were conducted on the samples at 28, 60, 90, 120, 150, 180, 210, 240. 
270, 300, 330 and 365 days of curing. On the basis of compressive strength and TCLP 
leaching tests on various combinations of fly ash-waste sludge-cement mix, the most 
effective percentages of waste sludge was obtained in the range of 30% to 45%, 
whereas, for economical considerations the cement percentage was fixed as 8% in the 
fly ash for carrying out further studies. The maximum compressive strength was 
obtained for 60% to 55%FA, 30% to 45%S and 8%C composition. The average 
compressive strength for this range of mix has been observed to be 38.4 MPa at 
28 days of curing. 
The pH values of different mixes are found in the range of 6.9-10.9. The analysis by 
atomic absorption spectrophotometer (AAS) reveals that the concentration of heavy 
metals in the leachates is reduced by 97%-100%. When the experimental results of 
leaching are compared with US EPA (1992), EEC (1991) and DIN (1984), it is found 
that the heavy metals in the waste sludge were completely stabilized by 
fly ash-cement system. 
On the basis of compressive strength and leaching tests, the range of most effective 
percentages of fly ash-waste sludge and cement were determined. Further, 
experimental investigations such as compaction tests, shear strength, California 
bearing ratio and plate load tests were carried out on the most effective percentages of 
fly ash, waste sludge and cement. 
Compaction parameters, namely maximum dry density (MDD) and optimum moisture 
content (OMC), determined fi-om Proctor compaction test serve as the benchmark 
IV 
values to assess the quality of compaction. Therefore, these parameters need to be 
determined reliably. Standard and modified Proctor compaction tests were carried out 
keeping (i) 30%-50% of waste sludge and 70%-50% of fly ash; (ii) use of 
fresh/remolded samples; (iii) preconditioning period; and (iv) compaction energy, as 
variable parameters. 
The value of MDD of mix 55%FA+45%S was observed to be 13 kN/m'^  which is 
about 40% more than MDD value (9.30 kN/m^) of fly ash under fresh condition. 
However, under remolded condition, the mix 60%FA+40%S gives highest value oi' 
MDD (13.40 kNW) which is 31% more than the MDD value (10.20 kN/m^) of fly ash. 
For the estimation of MDD of fly ash and fly ash-waste sludge, a linear empirical 
model has been chosen in terms of optimum moisture content (OMC) and specific 
gravity (G). The proposed method has been validated for Harduaganj fly ash and 
fly ash-waste sludge mixes. 
The undrained unconsolidated (UU) triaxial shear tests were conducted on cylindrical 
specimens of diameter 39 mm and length 84 mm, prepared for fly ash and different 
combination of fly ash-waste sludge-cement. The tests were carried out at different 
curing periods of 7, 28 and 90 days. The shear strength parameters and undrained 
shear strength of fly ash, fly ash-waste sludge and fly ash-waste sludge-cement 
combinations were determined. 
The outcome of the shear strength test results was quite encouraging in terms oi' 
undrained shear strength and shear strength parameters. The maximum gain in shear 
strength was obtained at 90 days of curing for the mix 55%FA+45%S+8%C which is 
2.48 MPa as compared to fly ash (0.10 MPa) for the same curing period. 
The California bearing ratio tests were carried out on the fly ash and mix containing fly 
ash-waste sludge, fly ash-waste sludge-cement under fresh, 7, 28, and 90 days of 
curing. The CBR value of fly ash was obtained as 3.6% under fresh condition and 7.3% 
at 90 days of curing. The value at fresh condition is very low and undesirable for 
construction of pavement. On the other hand when fly ash was mixed with waste sludge 
and cement the CBR values increased significantly. The mix 47%FA+45%S+8%C 
gives maximum values of CBR (10.2%) under fresh condition, whereas, mix 
42%FA+50%S+8%C gives the optimum value of CBR (43.7%) at 90 days of curing. 
One of the effective utilization strategies for fly ash and fly ash-cement-stabilized 
waste sludge mix is to use it as a fill material to raise low lying areas. Bearing 
capacity and settlement are the required input for the design of foundations on such 
fills. However, it lacks database on the load-settlement behaviour of compacted 
fly ash and fly ash-cement-waste sludge fills, which can provide direct evidence on 
their performance as structural fills. To fill this gap, a comprehensive experimental 
study consisting of plate load tests on compacted fly ash, fly ash-waste sludge and 
fly ash-cement-waste sludge beds were planned. Plate load tests were carried out on 
the compacted beds of fly ash, fly ash-waste sludge and fly ash-waste sludge-cement. 
The tests were conducted by keeping (i) 90%, 95% and 100% relative compaction (ii) 
fresh and fresh submerged conditions (iii) aged (28 days) and aged (28 days) 
submerged conditions as variables of the tests. The load-settlement curves were 
plotted for fly ash and mix blends. The minimum load was obtained for fly ash under 
submerged condition. The test results show that the fly ash becomes very soft on 
submergence. On the other hand when the fly ash was mixed with waste sludge and 
cement, the load carrying capacity was found to improve to a great extent. 
An analytical method has also been developed to estimate the settlement of footing 
resting on compacted fills taking into account the pre-consolidation stresses. The non 
linearity of load-settlement behaviour was appropriately modeled, on the basis of 
available plate load test data incorporated in the method. The method requires as 
input, the pre-consolidation stress and Young's modulus of compacted mix of 
fly ash-waste sludge-cement. A comparison of load-settlement values observed in 
plate load tests and predicted values for the mix 47%FA+45%S+8%C, using the 
proposed method shows good agreement. Hence, the method proposed by for 
computing settlement of Dadri fly ash may suitably be used for mix containing 
Harduaganj fly ash, lime precipitated waste sludge and cement as well. This 
relationship may also be useful to the field engineers to check the reported 
load-settlement values for such types of mixes in the field. 
Thus, fly ash mixed with waste sludge and cement and may find potential applications 
in road and embankment constructions with due regards for its strength 
characteristics, durability, longevity and environmental safety. 
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Chapter-1 
INTRODUCTION 
1.1 GENERAL 
Rapid industrialization has resulted in environmental pollution of gigantic 
proportions. The power generation in India through Thermal Power Plants has 
resulted in the massive production of fly ash, whose disposal has been a challenging 
task. The present day utilization of fly ash in India is at its infancy, and only an 
insignificant amount is being put to proper use. Also, most of the research carried out 
for utilization of fly ash has not been commercially and practically viable. A lot of 
work is expected to be done at the government level, especially by way of framing 
and implementing policy decisions like adequate incentive, concessions in taxes and 
duties, popularization campaigns, etc. Unless efforts of this nature are taken, the 
menace of fly ash will have disastrous effects on the ecology and environment. 
Fly ash is reported to cause ailments like allergic bronchitis, silicosis, and asthma. 
Besides, fly ash contaminates surface water and may also have an effect on 
underground water due to the presence of heavy metals like lead and arsenic 
(The Statesman 1998). 
Nearly 73% of India's total installed power generation capacity is thermal, out of that 
coal based generation is about 90%, and hence, the disposal of fly ash generated from 
the Thermal Power Plants has been a burning issue. The problem with fly ash lies in 
the fact that not only does its disposal require large quantities of land, water, and 
energy, its fine particles, if not managed properly, by virtue of their weightlessness, 
can become airborne, leading to health hazards. Most of the power plants now are 
facing shortage of dumping space for this waste material. Currently, 100 MT of 
fly ash is being generated annually in India, with more than 65000 acres of land being 
occupied by ash ponds. The production of ash is expected to be more than 150 MT by 
the year 2010. Consequently the World Bank has cautioned India that by the year 
2015, disposal of coal ash would require 1000 square kilometers of land. Since coal 
currently accounts for 73% of total power production in the country, the World Bank 
has also highlighted the need for new and innovative methods for reducing impacts on 
the environment (The Business Line 1999). Thus efforts have to be made for the 
effective utilization of this accumulated waste. However, wastes are not completely 
worthless if one goes by the claims of scientists at the international conference on 
"Fly ash disposal and utilization" (Sinha et al. 2000). Fly ash, an oxide-rich waste 
product of Thermal Power Plants, can be used as the raw material for different 
industries. The pozzolanic character of fly ashes has been recognized and its use in 
stabilization/solidification (S/S) of waste has been reported (Indraratna et al. 1991; 
Conner 1990; Sophia and Swaminathan 2005). 
MEF (2003), Government of India notification under Environment (Protection) Rules. 
1986, were published in the Gazette of India, Extraordinary, Part II, Section 3, 
Sub-section (ii) dated the 6th November, 2002 vide S.O. 1164 (E), has stated that 
every construction agency engaged in the construction of buildings within a radius of 
fifty to one hundred kilometres from a coal or lignite based Thermal Power Plant shall 
use fly ash bricks or blocks or tiles or clay fly ash bricks or cement fly ash bricks or 
blocks or similar products or a combination or aggregate of them in such construction 
as per the following minimum percentage (by volume) of the total bricks, blocks and 
tiles, as the case may be, used in each construction project, namely: 
(i) 25 per cent by 31 st August 2004 
(ii) 50 per cent by 31 st August 2005 
(iii) 75 per cent by 31 st August, 2006 and 
(iv) 100 per cent by 31st August 2007 
In respect of construction of buildings within a radius of 50 kilometres from a coal or 
lignite based Thermal Power Plant the following minimum percentage (by volume) of 
use of bricks, blocks and tiles shall apply: 
(i) 50 per cent by 31st August 2004 
(ii) 100 per cent by 31 st August 2005 
Meanwhile, various utilization patterns have been suggested at different levels. But 
the effective and economical utilization of fly ash in bulk has an ample scope in the 
field of geotechnical and highway engineering, where it can be used in the 
construction of road embankments, replacement of foundation soil, filling of low 
lying area along with hard crust construction (Basak et al. 2004). 
The utilization of Fly ash is a four-fold issue: 
• Beneficial conversion of wastes into wealth 
• Savings in expenditure of its disposal 
• Search for the technology to convert it into a much needed construction material 
• Reduction in air or water pollution 
• Though cement and concrete industries have been the largest users of fly ash, 
there is still a vast and greater potential in it for road making in rural or urban 
areas 
Studies by health authorities at Harduaganj, District, Aligarh, India, show that a large 
number of people in the area are victims of lung infections and skin disease, caused 
by fly ash contamination in air and water. The authorities had built four ash ponds at 
Harduaganj, which have now been completely filled up. The fly ash is now being 
stored in new ash pond and getting scattered over the villages in the neighborhood. 
The effect of the ash is found on local animals and vegetation too. The catties feeding 
the contaminated vegetation are victims of skin diseases and dental disorders. The 
population of birds and water animals is also decreasing in the area (The Financial 
Express 1999). 
Growth of population, increasing urbanization, rising standards of living due to 
technological innovations have contributed to an increase in both the quantity and 
variety of solid wastes generated by industrial, mining, domestic and agricultural 
activities. Globally, the estimated quantity of wastes generation was 12 billion tonnes 
in the year 2002 of which 11 billion tonnes were industrial wastes and 1.6 billion 
tonnes were municipal solid wastes (MSW). About 19 billion tonnes of solid wastes 
are expected to be generated annually by the year 2025 (Yoshizawa et al. 2004). 
Annually, Asia alone generates -4.4 billion tonnes of solid wastes and MSW 
comprise 790 million tones (MT) of which about 48 MT (-6%) are generated in India 
(Yoshizawa et al. 2004; CPCB 2000). In India, -4.5 MT of hazardous wastes are 
being generated annually during different industrial process like electroplating, 
various metal extraction processes, galvanizing, refinery, petrochemical industries, 
pharmaceutical and pesticide industries (Asokan 2004; MEF 2003). 
1.2 ADVANTAGES OF USING FLY ASH FOR GEOTECHNICAL 
APPLICATIONS 
• Fly ash is a lightweight material, as compared to commonly used fill material 
(local soils) therefore, causes lesser settlements. It is especially attractive for 
embankment construction over weak subgrade such as alluvial clay or silt where 
excessive weight could cause failure. 
• Fly ash embankments can be compacted over a wide range of moisture content, 
and therefore, results in less variation in density with changes in moisture content. 
Can be compacted using either vibratory or static rollers. 
• High permeability ensures free and efficient drainage. After rainfall, water gets 
drained out freely ensuring better workability than soil. Work on fly ash 
fills/embankments can be restarted within a few hours after rainfall, while in case 
of soil it requires longer period. 
• Considerable low compressibility results in negligible settlement within the fill. 
• Conserves the precious top soil, thereby protecting the environment. 
• Higher value of California bearing ratio (CBR) as compared to soil provides, a 
more efficient design of road pavement. 
• Pozzolanic hardening property imparts additional strength to the road 
pavements/embankments and decreases the post construction horizontal pressure 
on retaining walls. 
• Amenable to stabilization with lime and cement 
• Can replace a part of cement and sand in concrete pavements, thus, making them 
more economical than roads constructed using conventional materials 
• Fly ash admixed concrete can be prepared with zero slump making it amenable for 
use as roller compacted concrete 
• Considering all these advantages, it is extremely essential to promote the use of 
fly ash for construction of roads and embankments, filling of low lying areas, 
replacement of subgrade soil etc. 
The use of fly ash in geotechnical works result in the reduction of construction cost by 
about 10 to 20 per cent. Typically, the cost of borrow soil varies from about Rs.lOO to 
200 per cubic metre. Fly ash used in this study is available free of cost at the power 
plant and only transportation cost of Rs. 3/-per bag has to be paid as transportation 
charges from Harduaganj power plant to the Department of Civil Engineering, 
A.M.U., Aligarh. Hence, when fly ash is used as a fill material, the economy achieved 
is directly related to transportation cost of fly ash. If the lead distance is less, 
considerable savings in construction cost can be achieved. 
Similarly, the use of fly ash in pavement construction results in significant savings 
due to savings in cost of road aggregates. If environmental degradation costs due to 
use of precious top soil and aggregates from borrow areas, quarry sources and loss of 
fertile agricultural land due to ash deposition etc., is considered then the actual 
savings achieved will be much higher and fly ash use will be justified even for lead 
distances up to say 100 km. 
Utilization of fly ash will not only minimize the disposal problem but will also help in 
utilizing precious land in a better way. Construction of road embankments using 
fly ash, involves encapsulation of fly ash in earthen core or with RCC facing panels. 
Since there is no seepage of rain water into the fly ash core, leaching of heavy metals 
is also prevented. When fly ash is used in concrete, it chemically reacts with cement 
and reduces any leaching effect. Even when it is used in stabilization work, a similar 
chemical reaction takes place which binds fly ash particles. Hence, chances of 
pollution due to use of fly ash in road works are negligible. 
1.3 ELECTROPLATING INDUSTRY: GENERATION AND 
DISPOSAL OF PLATING SLUDGE 
The electroplating or metal finishing industry has been playing a momentous role in 
the development and growth of numerous metal manufacturing and other engineering 
industries since the early part of this century. While electroplating operations have, in 
the course of time, become an essential and integral part of many engineering 
industries throughout the world, there has also been a steady growth of independent 
and small to medium scale electroplating industries, especially in the developing 
countries including, India. According to a report (WikiAnswers 2006), in the year 
2006 about 700,000 electroplating units were working in India, out of which about 
5000 units were in Aligarh, Uttar Pradesh, India. The wastewater generated in Aligarh 
by lock industries, specially electroplating industries is around 250 million litres per 
day (Agarwal 2001). 
Metal plating is one of the many metal finishing processes which are basically divided 
as under: 
• Cleaning (solvent cleaning, aqueous cleaning, abrasive cleaning, ultrasonic 
cleaning etc.) 
• Chemical and electrochemical conversion coatings (changing or converting the 
surface layer to impart various properties to the surface) 
• Plating (electroplating of various types of metals onto metal surfaces) 
• Other metallic coating (including hot dipping and mechanical plating) 
• Organic and other non-metallic coating stripping (removal of previous metallic 
coatings from parts or removal of coatings from articles that have to be reworked) 
• Generally, metal finishing processes involve treatment of a metal work piece in 
order to modify its surface properties, impart a particular attribute to the surface, 
or produce a decoration. Plating is a subset of such finishing operations that 
involves putting a coating of metal over a base metal substrate to give various 
• Desirable properties to the object. Metal coating is another subset of finishing 
operations and involves the application of paint or powder coating to a metal 
work-piece. Products from metal finishing operations can range from structural 
steel to jewellery (Kuchar 2007). 
The overall reasons to carry out a metal finishing process are summarized as follows: 
• Decoration 
• Protection against corrosion, 
• Providing resistance to oxidation, high temperatures, or UV radiation 
• Imparting mechanical properties, such as resistance to fatigue, improvement of 
ductile strength, or longevity 
• Resistance to the use of abrasives 
• Imparting electrical and thermal properties such as semi-conduction, thermal 
resistance, fire resistance, etc., (Kuchar 2007). 
1.4 HEAVY METAL POLLUTION DUE TO ELECTROPLATING 
INDUSTRY 
Metals having a density of more than five times than that of water may be termed as 
heavy metals. They are normally present in trace amounts in natural water but most of 
them are toxic even at very low concentrations. The problem arising from toxic metal 
pollution of the environment due to the increasing use of a wide variety of heavy 
metals in industry and in our daily life, has assumed serious dimensions. 
Waste from metal finishing operations, particularly those from elecU-oplating. are 
among the most toxic of industrial effluents, as they contain many diiferent heavy 
metals and chemical viz., Chromium (Cr), Nickel (Ni), Cadmium (Cd). Zinc (Zn) and 
Cyanide (CN). Pretreatment of metal finishing wastes at the source to reduce the 
concentration of the toxicants below environmentally acceptable levels should be 
done to prepare them for discharging into streams or municipal sewage. However, a 
large number of industries discharge their metal containing effluents to fresh water 
without adequate treatment. The details of the hazardous metals present in the 
electroplating waste sludge are discussed below: 
1.4.1 CHROMIUM 
Chromium is a naturally occurring element. It is normally found in rocks, plants, soil 
and also in volcanic eruptions. Chromium is present in environment in different 
forms. The most common forms are chromium-0, chromium-III and chromium-VI. 
Chromium compounds contains no taste or odour. Chromium-III occurs naturally in 
the environment and is an essential nutrient whereas industrial processes generally 
produce chromium-VI and chromium-0. Chromium is present in air, water and soil 
mostly in the form of chromium-III and chromium-VI. In air chromium compounds 
are present mostly as fine dust particles, which are essential nutrient that help the 
body to use sugar, protein and fat. Breathing high levels of chromium-VI can cause 
irritation to nose. Ingesting high levels of chromium-VI compounds can cause kidney 
and lever damages and even death. Exposure to chromium occurs from ingesting 
contaminated food or drinking water or breathing contaminated work place air, living 
near uncontrolled hazardous waste sites containing chromium or industries that use 
chromium. US Environmental Protection Agency (US EPA 2006) has set a limit of 
100 mg of chromium-III and chromium-VI per liter of drinking water. The US EPA 
(1992) has set a regulatory value of 5 ppm for the waste containing chromium for its 
land fill disposal. 
Several studies have shown that chromium-VI compounds can increase the risk of 
lung cancer. The World health Organization (WHO) has determined that chromium-
VI is a human carcinogen. The department of Health and Human Services (DHHS) 
has determined that certain chromium-VI compounds are known to cause cancer in 
humans. 
1.4.2 CADMIUM 
Cadmium is a natural element in the earth's crust. Cadmium does not corrode easily 
and has many uses, including, in batteries, metal coating etc. Most important sources 
of atmospheric cadmium contamination are the burning of fossil fuels, municipal and 
medical waste and sewage sludge. Metal processing, electroplating, plastics and dye 
manufacturing, manufacturing and disposal of nickel-cadmium batteries, application 
of phosphate fertilizers are all sources of cadmium in soil and water. Cadmium enters 
in air from mining, industry and coal burning. It binds strongly to soil particles. Some 
cadmium dissolves in water. It does not break down in environment, but can change 
forms. 
Exposure to cadmium occurs from breathing contaminated workplace air, eating and 
drinking contaminated food and water. Breathing high levels of cadmium severely 
damages the lungs and can cause death. Eating food or drinking water with very high 
levels severely irritates the stomach, leading to vomiting and diarrhea. Long-term 
exposure to lower levels of cadmiimi in air, food or water leads to a buildup of 
cadmium in the kidneys and possible kidney disease. The US EPA has set a limit of 5 
parts of cadmium per billion parts of drinking water (5 ppb). US EPA does not allow 
cadmium in pesticides. The Food and Drug Administration (FDA) limits the amount 
of cadmium in food colors to 15 parts per million (15 ppm). Chronic exposure to 
cadmium is also associated with a wide range of other diseases, including heart 
disease, anemia, skeletal weakening, kidney and liver disease. High levels of 
cadmium in the body are associated with brittle bones. Cadmium- caused combination 
of brittle bones and kidney damage is called Itai-Itai (Ouch Ouch) disease. High 
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concentration of cadmium in the air can cause chest pain, coughing, lung problems, 
muscle aches, nausea, vomiting and diarrhea after 4 to 10 hours of exposure. The US 
EPA (1992) has set a regulatory value of 5 ppm for the waste containing cadmium for 
its land fill disposal. 
1.4.3 LEAD 
Lead is a naturally occurring bluish gray metal found in small amount in the earth 
crust. It comes from fossil fuels, mining etc. Lead has many uses. It is used in 
batteries, metal products and devices to shield X-rays. It sticks to soil particles. Lead 
can damage the nervous system, kidney and reproductive system. There are 
inadequate evidences to determine that lead is carcinogenic. The US EPA limits lead 
in drinking water to 1.5 mg/1. The US EPA (1992) has set a regulatory value of 5 ppm 
for the waste lead chromium for its land fill disposal. 
1.4.4 ZINC 
Zinc is one of the most common elements in the earth crust. It is found in air, soil, and 
water and in all foods. Pure zinc is a bluish white shiny metal. Zinc is uses as a 
coating material to prevent rust, in dry cell batteries and mixed with other metals to 
make alloys like brass and bronzes. Zinc combines with other elements to form zinc 
compounds such as zinc chloride, zinc oxide etc. Zinc compounds are widely used in 
industry to make paints, wood preservatives, and ointments. Zinc is released in the 
environment from mining, steel production, coal burning, electroplating waste and 
burning of waste. Exposure to large amount of zinc can be harmfiil. However, zinc is 
an essential element for our bodies, so a small quantity of zinc is not harmful. 
Inadequate zinc in our diet can result in a loss of appetite, a decreased sense of taste 
and smell, slow wound healing and skin sores or a damaged immune system, and an 
excess amount of zinc can be harmful for our health. The US EPA has not classified 
zinc as a carcinogenic, but recommends that there be no more than 5 parts of zinc in 1 
million parts of drinking water (5 ppm) because of taste. The Occupational Safety and 
Health Administration (OSHA) has set a maximum concentration limit for zinc 
chloride fumes in air at a working place as 1 mg/m'' for an 8-hour work day over a 40 
hour work week and 5 mg/m^ for zinc oxide fumes. The US EPA (1992) has set a 
regulatory value of 1 ppm for the waste containing zinc for its land fill disposal. 
1.4.5 NICKEL 
Nickel is an abundant element that combines in the environment with oxygen and 
sulphur. Nickel alloys are used in the making of metal coins and jewellery and in 
industry for making metal items. Nickel compounds are also used for nickel-plating, 
to color ceramics, to make batteries. Nickel and its compounds have no characteristic 
taste and odor. People who are sensitive to nickel have asthma attack, skin reactions 
etc. Breathing large amoimt of nickel compounds can cause limg and nasal cancers. 
The US EPA (1992) has set a regulatory value of 3 ppm for the waste containing 
nickel for its land fill disposal. 
1.4.6 CYANIDE 
Cyanide is usually found combined with other chemicals to form compounds. 
Examples of cyanide compounds are hydrogen cyanide, sodium cyanide and 
potassiimi cyanide. It enters in the environment through natural and industrial 
processes.. Smoking and car exhaust are the primary sources of cyanide in the air. It 
can be found in water through discharges from chemical industries, iron and steel 
works. US EPA (2006) has set a minimum contaminant level of 0.2 mg/1 of cyanide in 
drinking water. 
1.4.7 COPPER 
Copper is a naturally occurring metal, which is essential for all living things. It is used 
in farming to treat some plant diseases, in water treatment and to preserve wood, 
leather and fabrics. Copper is emitted in the air through natural processes such as 
wind blown dust and volcanic eruptions and human activities such as copper smelting. 
Copper is released in water through discharges from industries and sewage treatment 
plants. Long-term exposure to copper can cause irritation to nose, mouth and eyes. 
dizziness, headaches, and diarrhea. Copper is not carcinogenic. The US EPA has set a 
minimum contaminant level of copper in drinking water of 1.3 mg/1 (US EPA 2006). 
The US EPA (1992) has set a regulatory value of 5 ppm for the waste containing 
copper for its land fill disposal. 
Electroplating waste is a hazardous (toxic) waste and its disposal is a major issue in 
the industrialized world. It is done for decoration, surface protection and engineering 
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performance. The electroplating of common metals includes the processes in which 
ferrous or non-ferrous base materials is electroplated with nickel, chromium, copper, 
zinc, lead, iron, cadmium, aluminum, brass, bronze or suitable combinations thereof 
In this study, the fly ash and cement have been chosen for the stabilization of 
electroplating waste sludge. The stabilization is used as a remedial technology. The 
object of this technique is that the stabilized waste may be used as a material in the 
construction industry, especially where low grade concrete or mortar is to be required. 
The stabilized waste may also be used as a controlled low strength material (CLSM), 
which is used in backfill for utility cuts, and to fill voids under pavements, building 
and other structures. The stabilized waste may also be used in replacement of soil, 
cement, which has many applications in field operations. The safe management of 
hazardous wastes is of paramount importance. It is now a global concern, to find a 
socio and techno-economic, environmental friendly solution to sustain a cleaner and 
greener environment. 
1.5 STABILIZATION PROCESSES 
Stabilization as remedial technology for hazardous waste has been used for the last 
three decades, but recently it has gained momentum, due to growing number of 
hazardous waste generating industries. Stabilization is an established technology for 
the treatment of hazardous waste and hazardous waste sites. Technical reasons for the 
selection of stabilization as a remedial technology are that: 
• It improves the handling and physical characteristics of the waste, e.g. sludges are 
processed into solids 
• It reduces transfer of pollutants by decreasing the surface area 
• It reduces pollutant solubility in the treated waste, generated by chemical changes 
• Alternate hazardous waste treatment and disposal techniques are often 
economically prohibitive 
Stabilization is a pre-landfill waste treatment process, which has been used for 
different types of industrial wastes, but is particularly suited to those containing heavy 
metals (Conner 1990; Barth et al. 1989). The solidification/ stabilization (S/S) process 
utilizes chemically reactive formulations that, together with the water and other 
components in sludges and other aqueous hazardous wastes, form stable solids. The 
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material used for solidification/stabilization (S/S) not only solidifies the hazardous 
waste by chemical means but also insolublizes, immobilizes, encapsulates, 
destroys, sorbs the waste components. The results of these interactions are solids that 
are non-hazardous or less hazardous than the original waste. The degree of 
effectiveness of these S/S products is defined basically by two parameters viz.. 
strength and the leach resistance. Methods used for studying the effectiveness of S/S 
process are physical, chemical and microstructural. Hills and Pollard (1997) used 
setting and strength development as indicators of solidification and leach test to assess 
the extent of fixation. S/S of wastes has been examined in the laboratory by a number 
of researchers. Often, pure chemical components of one contaminants of concern are 
added to OPC and other stabilizing agents such as ashes of different origin, lime, clay, 
silicates, etc., to stabilize the contaminant (Glasser 1993). 
Cement contents varying from 5% to 20% are routinely used to solidify waste. Low 
cement content does not adequately coat individual waste particles, but still tends to 
provide setting and rigidity of waste. This is assumed to be the result of physical 
changes induced by normal "hydration process" despite the "false set" mechanism 
(that is, precipitation of salts such as gypsum that impart adequate strength). On the 
other hand, due to waste addition C-S-H hydration is poisoned. In these situations 
ettringite play an important role. The main product of hydration giving the early 
strength and stability is ettringite, which is provided primarily by the self-cementing 
ability of ashes. This is supported by the fact that gypsum has been previously 
reported by Taylor (1990) to be main binding agent in some solidified products. 
Leaching tests were used in many applications, ranging from the classification of 
industrial wastes for disposal in landfills to assess the stability of solid wastes for their 
beneficial reuse. Failure to pass a leaching test requires the waste to be treated where 
the contaminants in the waste were immobilized by stabilization/solidification process 
prior to its disposal. The stabilization of waste by fly ash and cement is one the 
examples of such treatment. The leaching of heavy metals fi-om cementitious waste 
has been investigated in many studies (Akhter et al. 1990; Hillier et al. 1999; Poon et 
al. 2001;Halime/a/. 2003;. 
Fly ash, when used as structural fill material, offers several advantages over natural 
soil such as low unit weight, high shear strength and minimal settlement. However, 
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there are some disadvantages, such as dust problem, erosion due to runoff or high 
wind and tendency to wick water into itself. Hence, keeping in view of these 
problems, an endeavor is made to design and construct safe, economical fills using 
lime precipitated electroplating waste sludge and cement with fly ash. 
The performance of the stabilized mixes depends upon the compaction or 
densification of the fill. Proper compaction is therefore, critical to the performance of 
fly ash and fly ash-waste sludge fills. The maximum dry density (MDD) and 
optimum moisture content (OMC) obtained by Proctor test becomes the benchmark 
for the determination of quality of compaction. The unit weight of fill is of primary 
importance since, it is the major parameter of its strength and compressibility 
(Clark and Coombs 1996). Significant variation in maximum dry density and 
optimum moisture content for different samples ft-om the same source has been 
observed (Raymond 1961; Toth et al. 1988; Martin et al. 1990; Clarke and Coombs 
1996). While determining the maximum dry density and optimum moisture content by 
standard or modified Proctor test, different methods of preparing samples for test have 
been reported in literature. This results in variation in the value of MDD and OMC. 
Earth slopes and high vertical cuts are fi-equently observed to be stable for long 
periods in tropical and subtropical regions. Stability is often attributed to cementation 
effects on shear strength of fills. Foundations performance also depends on the 
bonded structure of the loaded fills, which contributes to reduce settlements and 
increase bearing capacity. Undrained shear strength parameters of fly ash was 
reported by Raymond (1961). Gray and Lin (1972) conducted undrained triaxial test 
and unconfined compression test for fly ash specimens cured up to 3-4 years. They 
showed through unconfined compression test results that lime stabilization enhanced 
the strength of stabilized fly ash at elevated temperature or with long curing period. 
Indraratna et al. (1991) reported the unconfined compressive strength and undrained 
triaxial shear tests for fly ash only. Undrained shear strength parameters of solid waste 
incinerator fly ash stabilized with lime and cement were reported by Poran and Ahtchi 
(1989). 
Lime stabilization is applied in road construction to improve subbase and subgrades. 
for rail, roads and airports construction, for embankments, for soil exchange in 
unstable slopes, for backfill, for bridge abutments and retaining walls, for canal 
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linings, for improvement of soil beneath foundation slabs, and for lime piles 
(Anon 1985 and 1990). The improvement of the geotechnical properties of the !!> 
ash and the chemical stabilization process using lime take place through two basic 
chemical reactions as under: 
(i) Short-term reactions: this reaction includes cation exchange and flocculalion. 
where lime is a strong alkaline base which reacts chemically with t1y ash causing a 
base exchange. Calcium ions (divalent) displace sodium, potassium, and hydrogen 
(monovalent) cations and change the electrical charge density around the lly ash 
particles. This results in an increase in the interparticle attraction causing 
tlocculation and aggregation of the fly ash. 
(ii) Long-term reaction: It includes pozzolanic reaction, where calcium from the 
lime reacts with the soluble alumina and silica from the fly ash in the presence of 
water to produce stable calcium silicate hydrates (C-S-H), calcium aluminate 
hydrates 
(C-A-H). and calcium aluminosilicate hydrates (C-A-S-H). This result in the 
long-term strength gain and improves the geotechnical properties of the t1> ash 
(Ormsby and Kinter 1973; Choquette et al. 1987). 
Properly compacted fly ash fills have exhibited adequate capacity to bear structural 
loads (Toth et al. 1988; Indraratna et al. 1991; Dhar el al. 1999). Low lying areas 
are often raised to formation level using compacted fly ash fills and structures are 
built on it. Bearing capacity and settlement of foundation on such fills are required 
input for design of foundation. However, it lacks database on the load-seulement 
behaviour of compacted fly ash, fly ash-waste sludge and fly ash-cement-waste 
sludge fills, which can provide direct evidence on their performance as structural 
fills. To fill this gap, a comprehensive experimental study consisting of plate load 
tests on compacted fly ash, fly ash-waste sludge and fly ash-cement-waste sludge 
beds are planned. Plate load tests were carried out on prepared compacted tests beds 
of fly ash, fly ash-waste sludge and fly ash-cement-waste sludge and their 
combinations. In order to examine the behaviour of these test beds under various 
possible conditions, tests were carried out immediately after compaction, after 
different periods of aging (curing) and under fully submerged conditions of test bed. 
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1.6 SCOPE AND OBJECTIVES OF THE PRESENT STUDY 
The scope and objectives of the present investigations have been given as under: 
1.6.1 SCOPE 
Most of the electroplating industries produce waste sludge containing heavy 
metals. These heavy metals if found their way in the environment proves to be 
hazardous for the living and non living things. On the other hand fly ash which is 
by product of Thermal Power Plants has occupied large area of agricultural land 
for its disposal. Hence a proper technology has to be developed, that can utilize 
these potentially dangerous waste materials. 
Aligarh being an only 16 km away from the Harduaganj Thermal Power Plant is 
subjected to pollution from fly ash that is emitted from the plant and also the fly 
ash is available in abundance almost free of cost. The other waste i.e., the 
electroplating waste is also available on account of large numbers of hardware and 
lock manufacturing industries. 
Most of the stabilization process of the waste sludge was carried out in the past by 
mixing it directly with fly ash and cement, whereas the waste sludges particularly 
the electroplating waste sludge contains toxic chemicals like cyanide whose prior 
destruction is important (Guo et al. 2001; Nathalie et al. 2006). Whereas, the 
precipitation of heavy metal using lime before mixing it with fly ash and cement 
was found to improve the performance of the mix in terms of leaching and 
strength. 
The present study therefore, envisages the formation of a mix using fly ash. 
electroplating waste sludge and cement, which has potential use in geotechnical 
applications. The large scale use of such materials will not only help in conserving 
the ecological balances, but will open up opportunities for the industries to 
produce a low cost material based on these waste, for mass scale applications. 
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1.6.2 OBJECTIVES 
The aim of the present study is to carry out detailed investigations on fly ash procured 
from Harduaganj Thermal Power Plant and electroplating waste sludge along with 
cement for its subsequent utilization in various geotechnical applications. The broad 
objectives of the present investigations are: 
(i) The detoxification of cyanide, treatment and precipitation of electroplating 
waste sludge obtained from electroplating plant has to be carried out. 
(ii) To study the compressive strength and leaching behaviour of detoxified, 
treated and lime precipitated electroplating waste sludge, fly ash and cement 
mix. This study will set a base line for carrying out further investigations, 
which are important for its mass scale utilization. 
(iii) To study the influence of various parameters on maximum dry density (MDD) 
and optimum moisture content (OMC) of fly ash and combination of fly ash-
waste sludge mix. 
(iv) To assess the shear strength characteristics of the mix comprising of fly ash-
cement-waste sludge. 
(v) To evaluate the California bearing ratio (CBR) of the mix, which is one of the 
most important parameters; used in the design of flexible and rigid pavements. 
(vi) To study the load settlement behaviour of compacted fly ash and fly ash-waste 
sludge-cement fills and to suggest a procedure for estimating load-settlement 
values of footing on these fills. 
1.7 THESIS ORGANISATION 
The present work is distributed into seven chapters. The brief content of each chapter 
is described below: 
Chapter 1 presents a brief introduction to the various aspects of stabilization of 
electroplating waste sludge and utilization of fly ash. The chapter also enlists the 
scope and objectives of the work. 
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Chapter 2 covers the literature review related to the problems arising due to huge 
production of fly ash and its utilization. The properties such as compaction, shear, 
bearing and settlement, which are important for geotechnical investigations are 
discussed. The waste generation and its impact on environment and human life have 
been highlighted. The stabilization and leaching of waste containing heavy metals is 
also presented. 
Chapter 3 describes the detail procedure for treatment and precipitation of 
electroplating waste sludge. Experimental investigation is carried out to study the 
stabilization of the mix comprising of fly ash-cement-waste sludge in terms of 
compressive strength and leaching. Based on these studies, the optimum percentages 
of fly ash, waste sludge and cement are determined for carrying out further 
investigations related to geotechnical aspect. 
Chapter 4 deals with critical examination of the procedures currently adopted for the 
preparation of sample for the laboratory determination of maximum dry density 
(MDD) and optimum moisture content (OMC) of fly ash and fly ash-waste sludge 
mix. Based on these studies, recorrmiendations are made on the standard practice for 
compaction tests on these samples. 
Chapter 5 is devoted to a detailed laboratory testing program to establish the 
engineering properties such as shear strength and California bearing ratio of fly ash 
and fly ash mixed with cement and waste sludge. The California bearing ratio tests 
carried out on fly ash and combinations of fly ash-waste sludge-cement mix under 
fresh and cured specimenss, are presented and critically discussed in this chapter. 
Chapter 6 deals with the load-settlement behaviour of test plate resting on 
compacted fly ash and fly ash-waste sludge-cement fills. The results of the plate load 
tests have been discussed to establish the adequacy of compacted mix as load bearing 
fills. The method is validated based on results of plate load tests on compacted fly 
ash-waste sludge-cement bed. 
Chapter 7 summarizes the major conclusions and scope for further studies and 
presents a few recommendations which are useful in construction of fills comprising 
of fly ash-waste sludge-cement and design of foundations on such fills. 
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Chapter-2 
LITERATURE REVIEW 
2.1 GENERAL 
India is the World's largest producer of fly ash. Its production may soon reach the 
figure of 150 MT per year. Fly ash is hazardous to health, and pollutes air and water 
and occupies several thousand hectares of land for its disposal. The level of utilization 
of fly ash in India is very low. If the utilization is not increased substantially, the 
menace of fly ash will grow and may become alarming in many parts of the country. 
Bulk utilization of fly ash produced in India has become imperative in view of its 
huge production. Therefore, utilization of fly ash in geotechnical and highway 
applications, such as embankment of roads, bridge approaches, filling of low lying 
areas to develop sites for residential or industrial buildings etc., should be exploited 
properly. In order to open up these possibilities, understanding the behaviour of fly 
ash alone and with additives is prerequisite. Accordingly, the present investigation is 
to study the behaviour of fly ash and the pertinent literature on this topic is reviewed. 
Hazardous wastes, the potential hazards to human health and environment when 
improperly treated and disposed. Metal finishing and electroplating industries 
generate large quantities of toxic waste sludge containing Cr, Pb, Ni, Cd and Zn that 
are mainly disposed on landfill, causing real threat to the environment (Sophia and 
Swaminathan 2005). Solidification/stabilization (S/S) is a widely accepted treatment 
process for the immobilization of hazardous wastes, including heavy metals. In S/S 
process fly ash and cement, added with water that reacts to form hydrated silicates 
and aluminates resulted in a solidified mass. Therefore, the present study aimed at to 
use fly ash, Portland cement for solidification of electroplating waste sludge 
containing high concentration of heavy metals. Accordingly, literature pertaining to 
these areas is also presented. 
Whereas, the aspect of geotechnical applications viz., compaction properties, shear 
strength and California bearing ratio, bearing capacity etc., of the mix containing 
fly ash-waste sludge-cement is not available in literature, therefore, the literature 
pertaining to fly ash and lime has been presented. 
2.2 ENGINEERING PROPERTIES OF FLY ASH 
The Physical, chemical and engineering prop)erties such as compaction characteristics, 
shear strength, California bearing ratio and compressibility of fly ash have been studied 
by various authors. The results of some of these investigations are reported here. 
2.2.1 PHYSICAL AND CHEMICAL CHARACTERISTICS OF FLY ASH 
Extensive studies have been carried out to characterize physical and chemical 
properties of fly ash from different coal deposits around the world (Mutiu 2006). In 
most of these studies, scanning electron microscope (SEM) which magnifies 
individual particles several thousand times more than their original size and X-ray 
diffraction (XRD) and X-ray fluorescence (XRF) techniques are typically used to 
define the morphology, mineral, and elemental compositions, respectively. The 
mineralogy composition of fly ash depends on the source of the coal, handling and 
storage methods, cleaning and pulverization, type and combustion operation at the 
thermal utility plants, and method of ash collection (Trivedi and Sud 2004). However, 
silica (Si02), ferric oxide (Fe203), and alumina (AI2O3) typically constitute major 
components of most fly ash materials (especially bituminous coal), with other 
minerals such as calcium oxide (CaO), potassium oxide (K2O), sodium oxide (Na20), 
magnesium oxide (MgO), sulfur oxide (SO3), and phosphorous pentoxide (P2O5) 
occurring in trace quantities. Anthracite, lignite and sub-bituminous coal ashes 
contain lesser percentage of silica, ferric oxide, and alumina compared with 
bituminous coal ashes. 
Fly ash can be classified as either Class C or F depending on its cementitious 
characteristics. According to McLaren and DiGioia (1987), Class F fly ash exhibits 
high fHction angle. Hence, their strength is derived primarily from the inter-particle 
friction. Class C fly ash exhibit true cohesion typically observed in over-consolidated 
clay. ASTM specification C-618 (2003) classifies fly ash based on the percentage of 
calcium oxide. Under ASTM classification which is also adopted by the American 
Association of State Highway Transportation Officials (AASHTO), Class C fly ashes 
are those obtained by burning sub-bituminous coals and they are composed primarily 
19 
of calcium aluminosulfate glass, quartz, tricalcium aluminate, and at least 20% CaO. 
Class F fly ash is classified as those obtained from bituminous and anthracite coals 
and composed primarily of alumino-silicate glass, quartz, magnetite, and maximum of 
10% CaO. Fly ash, exhibits pozzolanic characteristics in the presence of water because of 
the high siliceous and aluminous content. 
Typically, fly ash particles are spherical in shape and the grain size is similar to those of 
silty materials. The color range from tan to dark grey with fly ash containing high 
percentage of CaO exhibiting tan and light colors while dark grey to black fly ash 
material indicates high unbumed carbon content. The level of unbumed carbon 
(quantified as loss on ignition, LOI) influences the characteristics of fly ash. AASHTO 
and ASTM recommended 5% and 6% respectively as the maximum allowable value for 
LOI for their efficient utilization in most civil engineering applications. 
2.2.2 COMPACTION PROPERTIES 
The maximum dry density (MDD) and optimum moisture content (OMC) of Indian 
fly ash, bottom ash and pond ash as obtained by standard Proctor test are shown in 
Table-2.1. It can be seen that MDD of fly ash is higher than that of bottom ash while that 
of pond ash is in between the two. It is also noted that the OMC values of bottom ash is 
higher than that of fly ash. 
Construction of embankments and structural fills using soil or coal ash involves 
compaction. The engineering properties of the material are modified by the compaction 
process. Proper compaction is critical to the f)erformance of conventional soil 
embankment or structural fill and may be even more, when recycled materials such as 
coal ash are used in such construction. It is commonly assumed that if the dry density is 
within acceptable limits, the performance of the fill will be satisfactory. The quality 
control of fill at site is always based on density measurements in laboratory and field, 
which are expressed in terms of relative compaction. 
The dry density and moisture content relationship of soil is found to be affected by 
various factors, Johnson and Sallberg (1962) studied the effect, among many other 
factors, the use of fresh (fresh sample used for each compaction) and remolded soil 
sample (same sample is used repeatedly for compaction with different moisture contents) 
in compaction tests on values of maximum dry density (MDD) and optimum moisture 
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content (OMC). The results (Table-2.2) show that the use of remolded or fresh sample 
for each point on the compaction curve gives different values of MDD and OMC. 
Table-2.1 Standard Proctor Compaction Characteristics of Coal ash 
Thermal 
Power 
Station 
Raibareli 
Korba 
Vijayawada 
Badarpur 
Ramagundam 
Paloncha 
Dadri 
Singrauli 
Ropar 
Harduaganj 
Standard Proctor Compaction Test 
Fly ash 
MDD 
(kN/m^) 
13.00 
11.34 
13.00 
10.38 
12.40 
-
13.40 
13.30 
OMC 
(%) 
23.00 
33.00 
23.60 
37.40 
27.60 
-
22.00 
23.40 
Bottom ash 
MDD 
(kN/m^) 
07.72 
09.20 
10.40 
08.60 
09.50 
-
10.20 
13.59 
OMC 
(%) 
63.40 
54.20 
37.00 
50.40 
38.00 
-
38.00 
24.50 
Pond ash 
MDD 
(kN/m^ 
10.38 
09.12 
09.00 
09.36 
10.20 
12.40 
-
14.74 
09.60 
08.89 
OMC 
(%) 
40.20 
21.60 
40.00 
48.00 
40.60 
29.00 
-
20.70 
37.00 
40.00 
Reference 
Sridharan et al. 
1998 
-do-
-do-
-do-
-do-
Alie/a/. 2001 
Kaushik 2000 
Dayal and 
Sinha 1999 
Pathak et al. 
1999 
Raza et al. 
1999 
Johnson and Sallberg (1962) also reported that for plastic soil, the value of maximum 
dry density and moisture content differed by 0.16 to 0.24 VNIm' and 0.5% to 1.5% 
respectively due to performing the test immediately or after a preconditioning period. 
IS: 2720 (Part 7)-1987 suggests 16 hours preconditioning period for cohesive soils or 
clays with high plasticity or where hand mixing is employed. 
ASTM D 698-2000 and ASTM D 1557-2000 recommended that the previously 
compacted soil should not be reused and each specimen after mixing thoroughly with 
water shall be placed in a separate covered container and allowed a standing time 
(preconditioning period) in accordance with Table-2.3. 
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Table-2.2 Comparison of MDD and OMC Obtained by Use of Remolded and 
Fresh Samples in Compaction Test 
S.No. Soil 
Type 
Maximum Dry Density 
(MDD) 
(kN/m^) 
Remolded Fresh 
Optimum Moisture Content 
(OMC) 
(%) 
Remolded Fresh 
(a) Standard Proctor Test 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
A-2-4 
A-3 
A-4 
A-5 
A-6 
A-7-5 
A-7-5 
A-7-5 
A-7-6 
Fly Ash 
20.22 
17.33 
19.58 
17.01 
17.33 
15.89 
13.00 
15.41 
16.21 
11.4 
20.60 
16.70 
18.94 
16.53 
17.01 
15.57 
12.80 
14.77 
16.05 
10.11 
09.7 
14.5 
11.5 
16.0 
18.0 
25.0 
33.0 
25.5 
23.0 
30.0 
09.7 
14.5 
11.5 
16.0 
18.8 
24.0 
32.0 
26.7 
23.0 
26.0 
(b) Modified Proctor Test 
11. 
12. 
A-2-4 
A-3 
21.03 
18.94 
20.54 
17.98 
08.8 
12.5 
08.8 
12.3 
Table-23 Minimum Preconditioning Period for Soil 
Classification of Soil Minimum Standing Time 
(Hour) 
GW, GP, SW, SP 
GM, SM, 
All other soils 
No requirement 
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2.2.3 SHEAR STRENGTH 
Knowledge of shear strength of the material used as structural fill, embankment 
material or road sub base is the prerequisite for the design of such structures. 
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Shear strength of fly ash is mainly derived from its angle of shearing resistance, as it 
is a non-plastic material. Development of cohesion in fresh compacted samples is 
reported which is due to surface tension in pore water/effect of capillarity. Cohesion is 
found to improve with time due to its hardening properties with age (Gray and Lin 
1972; DiGioia and Nuzzo 1972). Leonards and Bailey (1982) indicate that coarser 
ashes show smaller apparent cohesion as compared to fine ashes. Apparent cohesion 
is lost on submergence and it cannot be counted in design (Toth et al. 1988). Similar 
observations are made on pond ash (Sridharan et al. 1999). It is also indicated that 
angle of shearing resistance is not much different for compacted and saturated 
conditions, but according to Skarzynska and Rainbow (1989) the angle of shearing 
resistance reduced significantly on saturation. Trivedi and Sud (1999) have shown the 
presence of cohesion in dry samples due to particle interlocking. 
Ghosh and Subbarao (2007) carried out detailed investigations to determine the shear 
strength characteristics of Class F fly ash modified with lime and gypsum. 
Unconsolidated undrained triaxial tests with pore-pressure measurements were 
conducted on the test specimens after for 7 and 28 days of curing. The cohesion of the 
Class F fly ash increased up to 3150% with addition of 10% lime along with 1% 
gypsum to the fly ash and cured for 28 days. The modified fly ash shows the values of 
Skempton's pore pressure parameter. A/ similar to that of over consolidated soils. 
Empirical relationships were proposed to estimate the design parameters like deviator 
stress at failure, and cohesion of the modified fly ash. The study concluded that 
Stabilization of a low lime Class F fly ash with lime (up to 10%) is effective to 
improve the shear strength characteristics. The study also observed that fly ash 
stabilized with only lime requires longer curing period, 45 days and more, to gain 
considerable shear strength. 
Density of compacted ash is an important factor, which affects the shear strength 
parameters. Raymonds and Smith (1966) suggest that if relative compaction in 90%. 
the cohesion may be reduced by 1/3 "'and angle of shearing resistance by 1/5"" of the 
value at 100% relative compaction. It has been reported by Gray and Lin (1972) that 
reduction in strength parameters to 75% and 60% at a relative compaction of 90% and 
85% respectively. Sinha et al. (2000) have also reported a significant reduction in 
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shear strength parameters if relative compaction is less than 100%. The angle of 
shearing resistance of ashes varies from 28"-43°. 
2.2.3.1 Shear Strength Parameters 
The effective shear strength parameters of compacted coal ash in as compacted 
condition (at compaction moisture content) and saturated condition are presented in 
Table-2.4 (a) and (b) respectively. In as compacted condition the cohesion observed 
is due to surface tension in pore water/capillarity which is almost lost on saturation. 
The shear strength of fly ash also changes on age hardening or pozzolanic behaviour 
(Gray and Lin 1972; DiGioia and Nuzzo 1972; Leonards and Bailey 1982; Joshi and 
Nagarj 1987; Toth et al. 1988; Indraratna et al. 1991; Singh 1996; Sridharan et al. 
1998; Sinha 2003; Trivedi and Sud 2004). 
Table-2.4 (a) Shear Strength Parameters of Coal ash (Fresh) 
Thermal 
Power 
Station 
Raibareli 
Korba 
Vijayawada 
Badarpur 
Ramagundam 
Dadri 
As Compacted(fresh) Condition 
Fly ash 
c 
(kN/m )^ 
23 
22 
16 
26 
23 
27.5 
0' 
(degree) 
34 
34 
37 
32 
33 
33 
Bottom ash 
c 
(kN/m )^ 
17 
19 
10 
19 
20 
27.5 
0' 
(degree) 
32 
33 
34 
31 
33 
38.5 
Pond ash 
c 
(kN/m )^ 
16 
14 
13 
14 
14 
-
0' 
(degree) 
31 
32 
33 
30 
32 
-
Reference 
Sridharan et 
al. 1998 
-do-
-do-
-do-
-do-
Kaushik 2000 
Table-2.4 (b) Shear Strength Parameters of Coal ash (Saturated) 
Thermal 
Power 
Station 
Raibareli 
Korba 
Vijayawada 
Badarpur 
Ramagundam 
Dadri 
Gulbarga 
Ropar 
Fl^ 
c 
(kN/m )^ 
0.0 
0.0 
0.0 
0.0 
0.0 
1.0 
0.0 
" 
ash 
0' 
(degree) 
33.0 
33.0 
35.0 
32.0 
32.0 
26.5 
37.0 
~ 
Saturated Condition 
Bottom ash 
c 
(kN/m )^ 
0.0 
0.0 
0.0 
0.0 
0.0 
2.0 
-
-
0' 
(degree) 
31.0 
32.0 
33.0 
30.0 
32.0 
37.5 
-
-
Pond ash 
c 
(kN/ni^ ) 
0.0 
0.0 
0.0 
0.0 
0.0 
-
-
0.0 
0' 
(degree) 
30 
31 
32 
29 
31 
-
-
34.5 
Reference 
Sridharan et 
al. 1998 
-do-
-do-
-do-
-do-
Kaushik 2000 
Prashanth et 
al. 1999 
Bector and 
Singh 1995 
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2.2.3.2 Effect of Aging on Shear Strength Parameters 
Coal contains high percentage of siliceous and aluminous material, probably as 
muUite which gives ash the pozzolanic properties. Pozzolanic material reacts with 
calcium hydroxide in the presence of moisture at ordinary temperature to form 
cementitious compounds, namely, calcium silicate and aluminate hydrate of low 
solubility. In addition to pozzolanic activity, ashes also exhibit self hardening 
property i.e. when mixed with water and compacted, they hardened due to 
cementation (Raymond and Smith 1966; Gray and Lin 1972; DiGioia and Nuzzo 
1972; Joshi and Nagraj 1987; Indraratna et.ai 1991; Singh 1996; Kaniraj and 
Havanagi 1999; Benoit et al. 1999). In general this self-hardening effect is related to 
free lime or water soluble fraction in the fly ash. Development of mineralogical 
phases with age resulting in increased particle interlocking is also responsible for the 
increase in strength. 
Improvement in shear strength parameters with age varies for different ashes because 
of varying amount of lime. In some British fly ashes, 5-8 times increase in undrained 
cohesion is found over a period of 3 months, but at the same time Michigan fly ashes 
do not show significant change. Table-2.5 (Gray and Lin 1972) shows the effect of 
aging on shear strength parameters. 
Singh (1996) reported gain in unconfined compressive strength over a period of 
3 months for ashes containing different amount of lime and unbumt carbon 
(Table-2.6). Results show higher improvement in strength for ashes containing higher 
amount of lime and smaller amount of unbumt carbon. Results also indicate that ashes 
containing even a small amount (2%) of calcium oxide exhibit self-hardening effect. 
Rate of gain in strength with time is also a function of amount of free lime Fig 2.1 
(Singh 1996) shows the relationship between lime content and unconfined 
compressive strength for different periods of aging. Results indicate that fly ashes 
containing lime greater than 2% show high strength and increasing strength values 
even up to 90 days of aging. Indraratna et al. (1991) indicates that fly ash with high 
lime content (about 15%) gains significant strength in the first week of aging and 
there is only a marginal improvement in strength after three weeks of aging. The 
ashes compacted in field have also shown improvement in strength with aging 
(Kokamhaeha e/a/. 1987). 
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Table-2.5 Effect of Aging on Shear Strength Parameters 
Age 
(days) 
Fresh 
28 days 
British Fly ash 
Cu 
(kN/m^) 
63.3-98.5 
140.7-225 
f 
34 
41-43 
Michigan Fly ash 
Cu 
(kN/m^) 
74-91 
98-105 
f 
38-43 
38-43 
Table-2.6 Effect of Aging and Storing on Strength of Ashes 
Source of 
Ash 
Bold 
Agecroft 
Battersea 
Panki* 
Carbon 
Content 
(%) 
2.4 
2.8 
3.1 
6.4 
Lime Content 
CaO 
(%) 
4.6 
2.2 
2.1 
0.86 
Unconflned Compressive 
Strength After 3 Months of 
Curing 
(kN/m^) 
1120 
675 
270 
60 
*Uncured 
2.2.4 LOAD-SETTLEMENT BEHAVIOUR 
Compacted fly ash fills are often used as construction sites. Bearing capacity and 
settlement are the required input for the design of foundations resting on such fills. 
Coal ash (fly ash/bottom ash) is a cohesionless material. Literature suggests that the 
engineering properties of fly ash and bottom ash are similar to silt and sand 
respectively (Gray and Lin 1972; Joshi and Nagraj 1987). 
Plate load test and penetration tests, such as Standard Penetration Test (SPT) and 
Static Cone Penetration Test (SCPT) are the commonly used in-situ tests for 
determining the settlement of foundation on natural deposits of cohesionless soil. A 
plate load test resembles more closely to the prototype situation. The methods using 
penetration test data are empirical in nature and developed, based on experience in 
foundations resting on natural deposits. 
Usually, ash fills are compacted at or below OMC. Such fills are subjected to capillary 
stress due to contact moisture and pre-consolidation stress due to compaction process 
(DiGioia et al. 1979; Martin et al. 1990). Load settlement behaviour of plate/foundations 
on wet cohesionless soil is greatly affected by capillary stress and pre-consolidation stress 
(Ramasamy et al. 1985; Ramasamy 1986; Poudel 1990). These stresses reduce the 
compressibility and aflfect the setdement of plates/foundations significantly. 
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Engineering properties, such as shear strength and compressibility of sand are greatly 
affected by capillarity. Experimental studies on the effect of capillarity on bearing 
capacity and settlement of footings resting on sand beds are reported in literature 
(Ramasamy 1986; Poudel 1990; Ramasamy et al. 1999). Ramasamy (1986) reported 
the results of a set of load tests at a project site consisting of poorly graded sand 
deposit to bring out the effect of capillarity on settlement of test plate. It can be 
observed from the test results that even though corrected SPT values, just below the 
test plate, are nearly equal for test 1 and 2, the settlement values differed significantly 
due to capillarity. A few laboratory load tests were also carried out to study the effect 
of capillarity on 120 mm plate resting on poorly graded sand with relative compaction 
of 82%. Steensen-Bach et al. (1987) conducted model tests in the laboratory and field 
plate load tests for two different types of sand to determine the bearing capacity oi 
surface footing under saturated and moist (capillary) condition. The laboratory tests 
were carried out on a plate of size 22 mm x 22 mm while field plate load tests were 
carried out on 100 mm and 200 mm diameter plates. 
Ramasamy et al. (1999) obtained results of load tests on 300 mm x 300 mm plates 
resting on prepared dry, submerged, moist and capillary beds of fine sand and silty 
fine sand. The ultimate bearing capacity of test plate resting on a capillary bed is three 
to six times greater than that of the plate resting on submerged bed. The ultimate 
bearing capacity of the plate on the moist bed (where capillarity exist due to contact 
moisture) is also more than that on dry or submerged sand beds. The plate resting on 
capillary bed undergoes much less settlement than that of the plate resting on dr\' or 
submerged bed for a given load intensity. It is also found that as the thickness of 
capillary bed increases, the ultimate bearing capacity increases and the settlement of 
the plate decreases. 
Ramasamy and Pusadkar (2007) have conducted load test on compacted coal ash fills 
and found that the compacted ash fills exhibit capillary stress due to contact moisture 
and pre-consolidation stress. The authors have also suggested a method of estimating 
load-settlement behaviour of footings resting on coal ash fills accounting for the effect 
of capillary and pre-consolidation stresses. The proposed method has been validated 
by conducting plate load tests on laboratory prepared compacted ash beds and 
comparing the observed and predicted load-settlement behaviour. Overestimation of 
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settlement greater than 100% occurs when capillary and pre-consolidation stresses are 
not accounted for, as is the case in conventional methods. 
23 UTILIZATION OF FLY ASH IN GEOTECHNICAL APPUCATIONS 
Utilization of fly ash as construction fills, as an alternative to natural soils, can solve, 
to great extent, the problem of disposal of fly ash as well as reduce the demand on 
valuable land. The problem of disposal of ash in countries like U.S.A., China. U.K.. 
Denmark and Netherlands etc., has been solved to a great extent through bulk 
utilization in structural fills, embankment, road bases etc., Table-2.7, Table-2.8 and 
Fig. 2.2 give data on the amount of production of coal ash and the level of utilization 
in various countries (TIFAC 2005). 
It is projected that by the year 2012 the fly ash generation will be at the level of 
170 MT per year and the target is the 100% utilization of this ash. It can only be 
possible to achieve this goal through bulk utilization such as in structural fills. 
embankment and construction of road bases. 
Table-2.7 Ash Generation and Utilization in Various Countries 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
II. 
12. 
Country 
USA 
China 
Germany 
UK 
Japan 
Australia 
Canada 
France 
Denmark 
Italy 
Netherlands 
India 
Annual Ash 
Production 
(MT) 
75 
100 
40 
15 
8 
10 
6 
3 
2 
2 
2 
112 
Ash 
Utilization 
% of Ash 
Produced 
65 
45 
85 
50 
60 
85 
75 
85 
100+ 
100 
100+ 
38 
Major Area of 
Utilization 
Cement, concrete, bricks, 
fill material 
Concrete, fill materials 
Cement, concrete, mine fill 
Cement, fill material 
Cement, concrete, 
agriculture, fill 
material 
Blended cement, fill 
material 
Cement, fill materials, 
building 
materials 
-do-
-do-
-do-
-do-
-do-
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Table-2.8 Indian Scenario - Fly ash Generation and Utilization 
Year 
1994 
2005 
Generation 
(MT) 
40 
112 
Utilization 
(MT) 
1.2(3%) 
42 (38%) 
2.3.1 FLY ASH AS A STRUCTURAL FILL 
Attempts have been made by various researchers to check the suitability of coal ash as 
a structural fill. The engineering properties of compacted coal ash, which include 
compaction behaviour, strength characteristics, compressibility behaviour, 
permeability and CBR had been investigated and utilization of coal ash as a 
geotechnical construction material is recommended (Digioia and Nuzzo 1972; Gray 
and Lin 1972; Leonards and Bailey 1982; Martin et al. 1990; Indraratna et al. 1991; 
Trivedi and Sud 1999; Dayal and Sinha 1999; Kaushik 2000). A few cases of 
utilization of coal ash in geotechnical applications reported in literature are discussed 
as under: 
Leonards and Bailey (1982) reported the use of compacted, untreated coal ash. as 
structural fill material to support a new precipitator mat foundation for a generating 
station in Indianapolis, Indiana. During construction period and several months 
afterward, no measurable settlement has occurred for the initial loading increment. 
Toth et al. (1988) reported the use of fly ash as a structural fill in Ontario. The 
performance of these fills was monitored during and after construction. A brief 
description of these applications is given below: 
(i) An embankment of 26.8 x 5.5 x 1.2 m high, made of fly ash, compacted at 
moisture content less than OMC was constructed. In this embankment, frost 
penetration of 0.72 m and heave ranging from 3 to 6 mm were observed 
during winter monitoring. 
(ii) An overpass embankment was constructed with 82640 tonnes of bottom ash 
and 164210 tonnes of fly ash. Embankment consisted of a lower layer of 
bottom ash, fly ash as core and an upper topping of bottom ash. The lower 
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bottom ash layer acted as a drainage blanket for the fly ash and intended to 
prevent the capillary rise of water into the fly ash core. A veneer of soil was 
placed on the embankment side slopes to prevent erosion of the coal ash and to 
support vegetation. After ten months of monitoring, an average settlement of 
295 mm was recorded of which 2/3 accord during the first month after the fill 
was compacted. 
(iii) A shale quarry, located in Mississauga, Ontario of 16 hectare area and 25 m 
deep was felt by compacted fly ash with densities below 95% standard 
Proctor. Plate load tests conducted with 0.3 m and 0.6 m diameter plates 
showed very small settlement. 
Dhar et al. (1999) described that during 1993-94, about 3,00,000 tonnes of ash from 
NTPC's Badarpur station was utilized for filling a low lying area allotted to M/S 
Indian Oil Corporation at village Madanpur Khadar in Delhi. About 2-3 m of ash 
filling was done in layers with proper quality control. Many auxiliary foundations for 
D.G. Rooms, D.G. Set, pipe supports, air compressor etc., were rested on the ash fill. 
Sikdar et al. (2000) reported that performance of more than 25 test road section 
constructed using fly ash in collaboration with various state public works departments 
adopting different technologies developed by Central Road Research Institute (CRRI) 
is satisfactory. Some of the national and international projects, which have shown 
good performance, are as below: 
(i) Construction of reinforced approach embankment for Vishveshvaraya Setu: 
Delhi Public works department constructed approach embankment with 
reinforce on fly ash on NH-2 in the Vishveshvaraya Setu (Okhla Fly Over) 
project. The length of the approach embankment is 59 m while height varied 
from 7.3 to 5.3 m. Geogrid has been used as reinforcement and 2700 cum of 
ash was used for filling. 
(ii) Construction of a demonstration stretch at Raichur. A major district road of 
one kilometer length was constructed using fly ash from Raichur Thermal 
Power Station. Fly ash was used for subbase and base course construction. 
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(iii) Construction of Eastern approach embankment for second Nizamuddin Bridge 
at Delhi. Ash from Delhi's Inderaprastha Power Station was used in 
construction of about 8-9 m high embankment for the Nizamuddin Bridge 
across river Yamuna. Alternate layer of fly ash 2 m thick and soil 0.4 m thick 
have been used during embankment construction. A total quantity of about 
1,50,000 tonnes of fly ash was used for the construction. 
(iv) Pennsylvania ash embankment project: approximately 35000 tonnes of fly ash 
was used for a highway embankment construction near Pittsburgh in 1988. 
The embankment was approximately, 500 m long, 80 m wide and 16 m high. 
A 1.5 m (minimum) thick soil cover encapsulates the embankment to provide 
cover to ash. 
Kumar et al. (2003) reported utilization of coal ash in the following projects in India: 
(i) Approach road embankment, 2 km long and 6-9 m high connecting new 
Nizamuddin Bridge, New Delhi to Noida. 
(ii) 0.5 km long road at Bhuj Power Station. 
(iii) Railway embankment 8 m high and 3 km long at Ramagundam power station, 
(iv) Railway embankment (15 Lakhs tonnes of pulverized fuel ash) of Delhi Metro 
Project. 
(v) Noida and Greater Noida Super Highway (more than 3 MT of pond ash), 
(vi) Railway embankment of Tamluk-Digha rail link in Kharagpur Division of 
South Eastern Railway, 
(vii) Reclamation of Delhi Development Authority's low lying areas at Shalimar 
Bagh, Parmeshwar Park, Pitampura and Sarai Kale Khan using Delhi Vidyut 
Board's pulverized fly ash. 
The widespread availability of fly ash has also promoted its use to stabilize soils and 
waste sludge. Lime fly ash soil mixtures are found to be effective and economical 
when used in the base layers of pavement system (Sivaguru and Chakrabarti 1984). 
Dispersive soils which are highly susceptible to erosion, on mixing with fly ash and 
cured for a sufficient period of time, not only become resistant to erosion but also gain 
strength. For soils having large voids, lime and fly ash slurry has been injected to fill 
the voids. The unconfined compressive strength of black cotton soil shows 
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improvement on addition of fly ash (Sridharan et al. 1997). Fly ash stabilized with 
lime and lime and gypsum has been used to mitigate problems of leaching to meet the 
statutory provisions for ground water pollution (Ghosh and Subbarao 1998). Lime 
treated fly ash has been found to be suitable for construction of liners to contain 
alkaline leachate (Prashanth et al. 2001; Palmer et al. 2000; Pollard et al. 1990). 
Fly ash is also stabilized with lime and sodium salts to improve its strength and to 
increase the pozzolanic reactivity (Ramesh et al. 1999; SivapuUaiah et al. 2000). 
Lime treated fly ash exhibited reduction in compressibility and increase in 
compressive strength. It has been shown that lime treated fly ash can be effectively 
used as structural fill for embankments on soft clay (Boominathan and Rathna 1996). 
2.3.2 PERFORMANCE OF COMPACTED ASH FILLS UNDER LOAD 
Literature indicates many cases where the compacted ash has been used as structural 
fill to support foundation loads. Performance evaluation by plate load tests on 
compacted ash beds in the field is also reported. These reported case studies are 
briefly described below: 
Leonards and Bailey (1982) reported that, Indiana Police, Indiana, pulverized fuel ash 
with varying percentage of bottom ash was used as structural fill to support 
foundation of a precipitator. The ash contained 46-61% fines. A relative compaction 
(Ydfieid /ydmax) of 95% was achieved in the field. Load tests on 300 mm and 600 mm 
size square plate were conducted during the fill construction to evaluate the adequacy 
of fill material (Fig. 2.3). The results indicate a very high uldmate load carrying 
capacity of 1724 kN/m^. Results of plate load test on 300 mm and 600 mm size plates 
are compared with results of a load test on 300 mm size plate on very dense sand bed 
(N=50) reported by Peck et al. (1974). The comparison indicates that the performance 
of compacted ash bed is even better than the dense sand bed. A settlement of 5 mm 
for a 2.1 m wide foundation was estimated for a load intensity of 239 kN/m' on the 
basis of plate load test results. On loading the foundation to 96 kN/m^, negligible 
settlement was observed. 
Toth et al. (1988) have reported the use of ash fills for supporting foundation of 
residential and industrial buildings. Load tests on 300 mm and 600 mm diameter 
circular plates at different location of compacted ash fill were conducted. The relative 
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compaction at different location varied from 85-100%. The results of some of load 
tests are shown in Table-2.9. These results also indicate high load carrying capacity 
for a 300 mm plate. It may also be noted that in locations where the relative 
compaction is less than 100%, the settlement under the plate was substantially higher. 
At some other site, to control the settlement under footing, existing fill was excavated 
up to a depth equal to 1.5 times the width of footing and re-compacted to 100% 
Proctor density. Load intensity on the foundation was kept limited to 167 kN/m'. 
Settlements measured under two footings resting on such fills, over the period of ten 
months were only 1.14 mm and 1.62 mm under the expected values of 12.7 mm and 
25.4 mm. 
Table-2.9 Results of Load Test on Compacted Fly ash (Toth et aL 1988) 
Test No. 
1. 
2. 
3. 
4. 
Plate Diameter 
(mm) 
600 
600 
300 
300 
Relative 
Compaction 
(%) 
98.2 
93.4 
100.2 
86.0 
Plate Loading 
Pressure 
(kN/m^)* 
225 
192 
1246 
1246 
Observed 
Settlement 
(mm) 
3.2 
6.9 
4.0 
73 
*Not the failure load 
Joshi and Nagraj (1987) have reported the construction of an oil storage tank of one 
million gallon capacity on compacted fly ash fill of about 6 m thick. Ash obtained 
from the source has a moisture content of 18-38%. Even though ash was having a 
wide variation in moisture content, relative compaction of 95%) was achieved in the 
field. The tank was tested after the construction a loading of 110% of expected 
maximum load intensity. The minimum and maximum settlements observed were 
12 mm and 25 mm respectively. The tank is reported to be in service for the last many 
years without distress. 
Dayal and Sinha (2000) reported utilization of over 0.3 million cubic meter of pond 
ash for raising a low lying area. The level in the area was raised by 2.5 m. Several 
heavy structures, office complex and petrol tank have been constructed on it. Standard 
penetration, static cone penetration and plate load test were carried out to evaluate the 
performance of the fill and to obtain the design parameters for foundations. SPT 
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values were found to vary between 8-18. Static cone penetration showed very high 
resistance, 5800-8500 kN/ml Results of plate load tests conducted on 300 mm and 
600 mm size square plates are shown in Fig 2.4. The results indicate that the ultimate 
load carrying capacity varies between 530 to 940 R N W . The allowable bearing 
capacity obtained from theoretical formula, SPT results, static cone penetration tests 
data and plate load tests for a shallow foundation of width Im, is shown in 
Table-2.10. The comparison indicates that the safe bearing capacity obtained from 
static cone penetration test results is significantly higher than that obtained from other 
methods. 
Table-2.10 Summary of Allowable Bearing Capacity 
Method 
From theoretical formula 
SPT 
SCPT 
PLT 
Allowable Bearing Capacity 
(kN/m^) 
112 
133 
302 
172 
Ghosh and Bhatnagar (1998) reported the results of plate load test carried out on pond 
ash. The results (Fig. 2.5) indicate low ultimate bearing capacity with high value of 
settlement. This finding may be due low degree of compaction. 
2.3.3 USE OF FLY ASH AND LIME FOR SOIL STABILIZATION 
Several works were carried out to treat and stabilize various types of the problematic 
soils using lime and fly ash together (Nicholson and Kashyap 1993; Nicholson et al. 
1994; Indraratna et al. 1995; Shirazi 1999; Muntuhar and Hantoro 2000; Lav and Lav 
2000; Cokca 2001; Consoli et al. 2001; Nalbantoglu 2001; Zhang and Cao 2002; 
Parson and Milbum 2003; Pandian and Krishna 2003). 
Nalbantoglu and Gucbilmez (2002) studied the utilization of an industrial waste in 
calcareous expansive clay stabilization, where the calcareous expansive soil in Cyprus 
had caused serious damage to structures. High quality Soma fly ash admixture was 
found to have a tremendous potential as an economical method for the stabilization of 
the soil. Fly ash and lime-fly ash admixtures reduce the water absorption capacity and 
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the compressibility of the treated soils. Unlike some of the previously published work, 
an increase in hydraulic conductivity of the treated soils was obtained with an 
increase in the percentage fly ash and curing time. X-ray diffractograms indicate that 
pozzolanic reactions cause an alteration in the mineralogy of the treated soils, and 
new mineral formations with more stable silt-sand-like structures are produced. The 
study showed that, by using Cation Exchange Capacity (CEC) values, with increasing 
percentage of fly ash and curing time, soils become more granular in nature and show 
higher hydraulic conductivity values. 
Zhang and Cao (2002) conducted an experimental program to study the individual and 
admixed effects of lime and fly ash on the geotechnical characteristics of expansive 
soil. Lime and fly ash were added to the expansive soil at 4-6% and 40-50% by dry 
weight of soil, respectively. The specimens were tested for determining chemical 
composition, grain size distribution, consistency limits, compaction, CBR, free swell 
and swell capacity. The effect of lime and fly ash addition on a reduction of the 
swelling potential of an expansive soil texture was reported. It was revealed that a 
change of expansive soil texture takes place when lime and fly ash are mixed with 
expansive soil. Plastic limit increases by mixing lime and liquid limit decreases by 
mixing fly ash, which resulted in the decrease of plasticity index. As the amount of 
lime and fly ash is increased, there is an apparent reduction of maximum dry density, 
free swell, under 50 KPa pressure and a corresponding increase in the percentage of 
coarse particles, optimum moisture content, and in the CBR value. The authors 
concluded that the expansive soil can be successfully stabilized by lime and fly ash. 
Beeghly (2003) studied the use of lime together with fly ash in stabilization of soil 
subgrade (silty and clayey soils) and granular aggregate base course beneath the 
flexible asphalt layer or rigid concrete layer. He reported that lime alone works well 
to stabilize clay soils but a combination of lime and fly ash is beneficial for soils 
having low plasticity (higher silt content) soils. He noticed that both unconfined 
compressive strength and CBR values of treated stabilized soils (moderate plasticity 
"PI < 20" and high silt content "i.e. > 50%") with lime and fly ash together are higher 
than the values with lime alone. Beeghly (2003) also concluded that the capillary soak 
of the stabilized specimens led to a loss of unconfined compressive strength 
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(15-25%). Finally, lime/fly ash admixtures resulted in cost savings by increment 
material cost by up to 50% as compared to Portland cement stabilization. 
Parson and Milburn (2003) conducted a series of tests to evaluate the stabiHzation 
process of seven different soils (CH, CH, CH, CL, CL, ML, and SM) using lime, 
cement. Class C fly ash, and an enzymatic stabilizer. They determined Atterberg 
limits and unconfmed compressive strengths of the stabilized soils before and after 
carrying out durability tests (freeze/thaw, wet/dry, and leach testing). They reported 
that lime and cement stabilized soils showed better improvement compared to fly ash 
treated soils. In addition, the enzymatic stabilizer did not strongly improve the soils 
compared to the other stabilizing agents (cement, lime, and fly ash). 
Trzebiatowski et al. (2005) presented the results of a study on the use of Class C 
fly ash to stabilize a sandy-clay highway subgrade to facilitate pavement construction. 
Both laboratory tests (California bearing ratio, resilient modulus, unconfmed 
compressive strength) and field tests (falling weight deflectometer and soil stiffness 
gauge) were carried out on the natural soil and on soil mixed with fly ash. The authors 
observed that the sandy-clay soil which naturally exhibits almost zero CBR showed 
significant improvement in CBR values (46-150%) with the addition of fly ash after 
7 days of curing. Other engineering properties tested and found to improve were the 
resilient modulus, and the unconfined compressive strength. 
2.3.4 UTILIZATION OF FLY ASH IN ROAD WORKS 
White (2006) conducted both field and laboratory based investigations on the use of 
reclaimed hydrated fly ash in construction of structural layer of highway pavement. 
The influences of admixtures such as hydrated lime cement, kiln dust, and 
atmospheric fluidized bed combustion residue on the performance of the hydrated fly 
ash were also studied. Based on the results of the laboratory tests on shear strength, 
hydraulic conductivity, freeze-thaw susceptibility and field performance monitored 
over 10 years, the author concluded that reclaimed hydrated fly ash can be effectively 
used in construction of pavement base and sub-base. 
Basak et al. (2004) have observed that fly ash can be used for constructing different 
layers of road pavement. It is being utilized mostly for filling works and sub grades of 
road works. An effective interaction between fly ash and sub grade soil will allow 
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scope for stabilization of sub grade. As per specification of Ministry of Road 
Transport and Highway, Government of India, clayey soil having plasticity index 
more than 8% are required to be treated and stabilized before road is constructed. If 
the type of soil available is responsive to pozzolanic action with fly ash, strength 
parameters of the soil would be improved. Clayey soil when mixed with fly ash exerts 
cementing property because of existence of pozzolanic compound. 
Though silty soil reacts with admixture of fly ash to a little extent but it can be 
improved by adding lime, which will reduce leaching action. Moreover, mixing of 
lime helps to attain adequate strength and will harness durability. The authors have 
observed that the compacted fly ash attains sufficient shear strength and the 
embankment can be constructed with 2:1 (Horizontal:Vertical) side slopes, when the 
factor of safety for embankment constructed using fly ash should not be less than 1.25 
under normal serviceability condition. Special care is required to be taken in respect 
to provide earthen membrane over the slope of embankment since ash is highly 
erodible. An admixture of soil and fly ash improves plasticity index, liquid limit, 
plastic limit and CBR values to the acceptable limits. 
2.3.4.1 Cost Effectiveness in Flexible Pavements 
The transportation cost of fly ash limits the average distance upto which fly ash can 
be economically utilized in place of borrow soil. The guidelines issued by Ministry of 
Environment and Forest, Government of India, has made it mandatory to take up road 
works specially embankment construction with fly ash within 100 km radius of 
thermal power stations. 
A comparative picture is worked out taking a typical cross section of pavement 
(Figs. 2.6 and 2.7) where subgrade is without and with fly ash respectively, leading to 
a cost effective solution. The assumed design data for 42 CVPD are: 
Design life = 10 years 
Growth rate factor = 6% 
Hence, Projected traffic = 75 CVPD 
CBR value of subgrade = 2.8% 
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As per the design specification of "Rural Road Manual" special publication. Indian 
Roads Congress: SP: 20 (2002), the design details are as under: 
Pavement thickness 
Top width of embankment 
Height of embankment 
Side slope 
Bottom width of embankment 
Length of embankment 
= 500 mm (Fig. 2.6) 
= 7.5m 
= 2.0m 
= 2H:1V 
= 15.5 m 
= 1000 m. 
If fly ash is used in subgrade in place of soil, CBR value of subgrade will increased 
from 2.8% to 7%. Hence, the required pavement thickness worked out will be 
300 mm (Fig. 2.7) in place of 500 mm. Thus, saving in cost for 3.75 m wide 1000 m 
long road where average lead of sub-base material and drainage layer within 20 km 
has been estimated in the Table-2.11. 
TabIe-2.11 Saving in Cost due to use of Fly ash 
Item 
(a) Sand moorum 
(b) Laterite 
Quantity 
(ra") 
0.15 x8.0x 1000= 1200 
0.075 X3.75 X 1000 = 281.25 
Amount 
(Rs. per m )^ 
@ Rs. 400.00 = 4.80 lakhs 
@ Rs. 500.00 = 1.40 lakhs 
Total Saving = Rs. 6.20 lakhs 
2.3.4.2 Cost EfTectiveness in Rigid Pavements 
In rigid pavements fly ash can be used to replace a part of cement or sand or both. 
Considering a typical case of rural road construction, where roller compacted concrete 
is proposed to be used. Approximately 25% of the volume of cement of actual 
consumption is expected to be saved. Thereby, 15% of the cost of construction will be 
saved if fly ash is collected with a lead distance of 10 to 15 km. 
The use of FAL-G concrete may open a new horizon in road construction process. 
FAL-G concrete is an admixture of Fly ash. Lime and Gypsum. Corresponding to the 
maximum compressive strength, a mix proportion of 60: 30: 10 (FA : L : G) may be 
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selected. The compressive and flexure strength of the FAL-G concrete is presented in 
Table-2.12. A blend of FAL-G concrete in ratio 60:30:10 will be more cost effective 
as compared to ordinary Portland cement (OPC). Cost is expected to be reduced by 
30-60%. 
It is clear that fly ash can be used economically for embankment construction in the 
vicinity of thermal power stations when lead distance is 10 to 15 km (SP: 58 2001). In 
case of rigid pavements, usage of fly ash leads to considerable savings even if fly ash 
is to be transported upto 50 km to 100 km. For rigid pavement construction in a large 
scale, part replacement of cement by dry fly ash is acceptable. 
TabIe-2.12 Compressive and Flexural Strength of FAL-G Concrete 
(Water Cement Ratio = 0.50) 
FAL-G Mix 
Proportion 
6 0 : 3 0 : 10 
Average Compressive Strength 
(MPa) 
7 days 
6.40 
14 days 
8.50 
28 days 
9.00 
Average Flexural Strength 
(MPa) 
28 days 
0.80 
2.4 ENVIRONMENTAL IMPACT OF FLY ASH UTILIZATION 
Over 95% of fly ash is composed of oxides of silica, aluminum, iron and calcium, which 
do not cause much environmental damage. However, the balance made up of constituents 
such as toxic trace metals like Cu, Co, Pb, Zn, Mo, Hg, Se and Cd etc., can cause damage 
to the environment. These heavy metals present in the leachate can potentially damage the 
human health and envirorunent by contaminating the ground water or surface water and 
soil (Sinha et al. 1999). Other environmental concerns are water logging of the area, dust 
emission and suspended solids in effluent from ash pxands. Failure of dykes due to 
improper design can edso potentizdly damage the surrounding land and vegetation. 
However, contamination of ground water is a more serious problem than others because, 
if such a problem occurs, it would be impossible to rectify. 
Fly ash when used as landfill and embankment material is also liable to cause adverse 
impact on the environment. However, in assessing the environmental damage due to these 
applications, one must bear in mind the loss /damage to valuable land if soil from borrow 
areas is used as fill material and if ash is disposed by the usual methods of disposal. 
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2.4.1 ENVIRONMENTAL IMPACT OF FLY ASH DISPOSAL 
Wet mode of disposal is likely to have the following impacts on the surrounding 
environment: 
• Water Logging 
• Pollution of surface water 
• Pollution of ground water 
The "Dry" mode of disposal is likely to have the following environmental impacts. 
• Fugitive dust emission 
• Erosion due to wind 
• Erosion due to water 
• Pollution of ground water 
2.4.2 ENVIRONMENTAL IMPACT OF FLY ASH UTILIZATION IN 
LANDFILLL APPLICATIONS 
Utilization of fly ash in geotechnical applications such as in embankments, roads and 
landfills has the following environmental benefits: 
(i) Reduction in the land area required for the conventional disposal methods of ash 
such as ash ponds. 
(ii) Saving in useful land which would have otherwise got exploited as borrow area. 
(iii) Immobilization of ash in geotechnical applications is more effective than would 
usually be achieved in the conventional disposal methods. 
However, when ashes are used in landfill applications, it is possible that the leachate 
containing toxic elements may percolate down and pollute ground water. Literature 
indicates that fly ash may or may not contain the level of toxic elements, which is 
considered hazardous to environment (Han 1996). Table-2.13 shows the quality of 
leachate of fly ash from Boryong power plant, Korea. Quality of leachate was 
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determined by an inductively coupled plasma atomic emission spectrophotometer. 
Table-2.13 also presents permissible concentration of toxic elements as per the 
criteria of US Environmental Protection Agency (US EPA) for hazardous waste 
toxicity. The results indicate that measured concentration of the elements is 
environmentally permissible (Han 1996). 
TabIe-2.13 Leachate Quality of Fly ash from Boryong Power Plant, Korea 
Element 
Al 
As 
Ba 
Cd 
Cr 
Cu 
Fe 
Mn 
Mo 
Ni 
Pb 
Zn 
Concentration 
(ppm) 
2.69 
<0.2 
0.26 
<0.01 
0.20 
0.01 
0.71 
0.66 
0.29 
0.16 
0.081 
0.05 
Maximum Permissible Concentration 
(ppm)* 
5 
100 
1 
5 
-
-
-
-
-
5 
-
*US EPA Hazardous Waste Toxicity Criteria (100 times drinking water standards) 
Ghosh and Subbarao (2007) presented results of a study aimed at evaluating the 
durability and removal of lime from lime-stabilized Class F fly ash. The fly ash used 
in the study was generated by a thermal plant in West Bengal, India with loss on 
ignition of 5.5%. Leaching and hydraulic conductivity characteristics of the 
compacted fly ash mixed with various percentages of lime (4-10%) and gypsum 
(0.5-1.0%)) were investigated. The results of the study show that the hydraulic 
conductivity decreases with increase in gypsum and lime content. Curing f)eriod was 
found to fijrther decrease the hydraulic conductivity. This reduction in hydraulic 
conductivity was related to interconnectivity of pore channel as a result of pozzolanic 
reactions and products formed. The authors concluded that the addition of gypsum is 
an effective method to minimize leaching of lime from lime-stabilized fly ash. 
Toth et al. (1988) reported a case study of monitoring the leachate quality at a landfill 
site. The site was provided vAtti an under lain system to collect the leachate, which 
flows in to a sump. Water samples were taken from this sump three or four times a year 
to study the quality of decanted leachate. Results on the quality of leachate are shown in 
1^ 
Table-2.14 along with the permitted level of concentration as per the Guidelines for 
Canadians Drinking Water Quality (GCDWQ). The results indicate that, for most 
solutes, the concentration of diluted leachate were within the permissible limits. 
Table-2.14 Comparison of Solute Concentration from Shale Quarry Ash 
Landfill with (GCDWQ) 
Solute 
Al 
As 
Bo 
Cd 
Cr 
Cu 
Fe 
Mn 
Mo 
Sulphate SO4"'' 
Se 
Sr 
Concentration 
<0.5 
0.001 
4.51 
0.0001 
<0.01 
0.015 
0.2 
31.2 
5.0 
952 
0.016 
5.95 
GCDWQ 
-
0.05 
5.0 
0.005 
0.05 
1.0 
0.3 
150 
-
500 
0.01 
-
The above studies indicate that the level of toxic elements in ashes used as landfill 
applications may not be more than permissible limit. However, to prevent the 
percolation of leachate to ground water, the underground drainage system as reported 
by Toth et al. (1988) may be provided under ash fills. Leachate can be collected in to 
sump wells. The level of toxic elements can be examined by taking water samples Irom 
the sump wells. In case the level of toxic elements is higher than the permissible limit, 
appropriate remedial measures may be taken before it is discharged into some water 
body. 
2.4.3 INFLUENCE OF STRESS ON LEACHABILITY OF COMPACTED 
FLY ASH MIX 
The number of studies on effects of stress conditions encountered under field 
application on contaminant release irom recycled waste materials is very limited. 
Extensive review of related literatures shows that concept of pressure dissolution is the 
closest study area that has received some attention. However, the magnitude of stress 
that are considered in pressure dissolution studies are very high compared with 
magnimdes encountered in most civil engineering applications. Moreover, materials of 
interest in pressure dissolution studies are mostly homogenous in nature unlike recycled 
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waste materials which are generally composed of several minerals. The exposed surface 
area is one of the most significant factors that influence contaminant release from waste 
material. Under stress conditions, the inter-particle porosity and hydraulic conductivity 
of the bulk material decreases but particle-particle contact increases (Ogunro et al. 
2006). These changes in material properties affect the available volumetric surface area 
and hence the leachability behaviour of the bulk material. Various loading scenarios 
that may influence contaminant release from recycled waste materials utilized in civil 
engineering constructions are shown in Fig. 2.8. 
2.5 HAZARDOUS WASTES 
Heavy metal pollution is extremely pernicious because these metals are 
environmentally persistent and toxic. Unlike most organic pollutants, heavy metals are 
generally refractory and cannot be degraded or readily detoxified biologically. Safe and 
effective disposal of heavy metal containing waste is always a challenging task for the 
industries due in part to the fact that the cost effective treatment alternatives are not 
readily available. Table-2.15 shows the risk of Lung Cancer and Mortality in 
nickel/chromium plating workers (Sorahan et al. 1998). It is well known fact that the 
heavy metals viz., Cr, Ni, Pb and Zn produced in the electroplating process are 
carcinogenic particularly Cr (VI) (Kuo et al. 2003). 
Western technological systems are getting adopted far and wide which produce 
enormous gaseous, liquid and solid wastes. But in poor countries, numerous Small 
Scale Industry (SSI) enterprises are too small to adopt the pollution control technologies 
developed in the West. These enterprises come into existence because there is growing 
need for non-farm employment, particularly in countries where rural poverty and 
unemployment is high. These enterprises are working in an extremely competitive 
environment and with the limited financial reserves to invest in non-productive and 
expensive pollution control technologies. Technical skills within these establishments 
are very low. They have a strong resistance to pollution control laws. In democratic 
countries, their large numbers make them powerful 'vote banks' and, therefore, 
politicians do not want to touch them. The West has not developed pollution control 
technologies economically suitable for these enterprises. The number of these 
enterprises is huge and so is the pollution from them. Countries with a large small-scale 
industrial sector are fighting with their backs to the wall. 
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Table-2.15 Chrome "Platers" Study Distribution of Death and Person-Years 
at Risk, 1946-95 (Sorahan et ai 1998) 
Variable with Levels Lung Cancer All Other Causes PersonsA'ear at Risk 
Cumulative Duration of Chrome Bath Work 
None 
<1 
1-4 
>5 
13 
32 
14 
16 
213 
208 
143 
57 
15038.6 
16780.2 
13511.6 
3004.7 
Cumulative Duration of Other Chrome Bath Work 
None 
<1 
1-4 
>5 
43 
9 
13 
4 
337 
137 
115 
32 
28450.7 
9672.8 
8218.4 
1793.2 
Sex 
Male 
Female 
52 
17 
369 
252 
20844.6 
27290.5 
Calendar Period 
1946-55 
1956-65 
1966-75 
1976-85 
1986-95 
2 
10 
20 
18 
19 
23 
84 
156 
188 
170 
3611.7 
10166.9 
13104.7 
12069.3 
9182.5 
Attained Age 
30-39 
40-49 
50-54 
55-59 
60-64 
65-69 
70-74 
75-79 
80-84 
2 
3 
5 
11 
12 
15 
11 
7 
3 
17 
50 
32 
72 
93 
113 
90 
95 
59 
8865.4 
12290.3 
6478.7 
6132.5 
5302.8 
4113.9 
2708.6 
1521.8 
721.1 
Period From First Chrome Work 
0-9 
10-19 
>20 
5 
23 
41 
74 
141 
406 
11878.9 
14687.6 
21568.6 
Employment Status 
Still Employed 
Left Employment 
4 
65 
27 
594 
4583.0 
42552.1 
Year of Starting Chrome Work (Chrome Bath or Other) 
1946-50 
1951-55 
1956-60 
1961-75 
Total 
25 
27 
11 
6 
69 
285 
201 
81 
54 
621 
18650.8 
12492.5 
7894.9 
9096.9 
48135.1 
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The total waste water generated in Aligarh district has been given in Table-2.16. It 
can be observed that among the other regions, Aligarh is falling in the category of 
maximum waste water generation area. The waste water produced in this city is 
mainly due to plating industries (Agarwal 2001). 
Table-2.16 Water Pollution from SSIs in India (Agarwal 2001) 
Industry 
Engineering 
Paper and Board 
Mills 
Textile Industries 
Organic Chemicals 
Tanneries 
Cluster regions 
Hand Tools — Jallandhar and Nagaur 
Locks — Aligarh 
Scientific Instruments — Ambala, Ajmer 
Bicycle and Parts — Ludhiana 
Brass Parts — Jamnagar 
Diesel Engines and Parts — Kolhapur, 
Agra, Rajkot, Coimbatore, Ghaziabad 
-
Woolen and Cotton Hosiery — Tiruppur, 
Ludhiana, Calcutta and Delhi 
-
Leather and leather products — Chennai, 
Ambur and Vaniambadi (Tamil Nadu), 
Calcutta (West Bengal) and Agra and 
Kanpur (Uttar Pradesh) 
Waste Water 
Generated 
(million litres/day) 
2125 
1087 
450 
60 
50 
2.5.1 STUDIES ON STABILIZATION AND LEACHING BEHAVIOUR OF 
HAZARDOUS WASTE 
Stabilization is a pre-landfiU waste treatment process, which has been used for 
different types of industrial wastes, but is particularly suited to those containing heavy 
metals (Cormer 1990; Barth et al. 1989). The solidification/stabilization (S/S) process 
utilizes chemically reactive formulations that, together with the water and other 
components in sludges and other aqueous hazardous wastes, form stable solids. The 
results of these interactions are solids that are non-hazardous or less hazardous than 
the original waste. The degree of effectiveness of these S/S products is defined 
basically by two parameters strength and the leach resistance. The continuing need to 
develop economical and improved waste management techniques has increased the 
potential importance of solidification technology throughout the world, in a process 
defined as best demonstrated available technology (Conner 1990; Barth et al. 1989). 
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Cement contents varying from 5% to 20% are routinely used to solidify waste. Low 
cement content does not adequately coat individual waste particles, but still results in 
setting and hardening of the waste form. This is assumed to be the result of physical 
changes induced by normal "hydration process" despite the "false set" mechanism 
(that is, precipitation of salts such as gypsum that impart adequate strength). Figure 
2.9 shows unconfined compressive strength developed after different curing periods 
(Malviya and Chaudhary 2004). 
Precipitation of waste elements as cations or carbonate resuh in an increased demand 
for Ca^ "^  ions in the waste matrix affecting strength development. The unhydrated 
cement fractions satisfy the increased demand of Ca^ ^ ions and accelerate hydration of 
C3S. In addition, residual cement grains are generally decalcified and silicate 
structures are subjected to increased polymerization of the cement (Hills and Pollard 
1997;Crannele/o/. 2000). 
Due to waste addition C-S-H hydrate is poisoned. In such a situation ettringite plays 
an important role. The main product of hydration giving the early strength and 
stability is ettringite, which is provided primarily by the self-cementing ability of 
ashes. This is supported by the fact that gypsum has been previously reported (Taylor 
et al. 1990) to be the main binding agent in some solidified products, and the addition 
of up to 5% gypsum is known to enhance both setting and strength development of 
pozzolanic/OPC mixes. This is further supported experimentally (Hills and Pollard 
1997). The importance of the strength contribution of gypsum formation can be 
gauged by reference to PFA/CaOH mixes, where the highest waste loading gave the 
highest strength, initial stiffening and shortest setting time, in contrast to OPC and 
PFA/OPC (Hills 1993). 
Shah and Ahmad (2008) carried out investigations involving in mixing the detoxified 
and lime precipitated electroplating waste sludge with fly ash and cement to get 
stabilized mix. The mechanical stability of the mix was judged by making 
100x100x100 mm cubes for varying percentages of waste sludge, fly ash and cement 
and determining the compressive strength of the cubes after 7, 14, 21, 28, 90 days of 
curing. The effectiveness of fly ash cement based technology in immobilizing heavy 
metal laden electroplating waste was assessed by conducting Toxicity Characteristics 
Leaching Procedure (TCLP). The TCLP test suggests that the technique is very 
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effective in immobilizing the heavy metals present in the waste sludge. 30%-45% 
waste sludge, 50%-70% fly ash and 8% cement have given an average compressive 
strength of 43.4 MPa. 
Daniels and Das (2006) reported the results of series of leaching tests carried out to 
evaluate the effectiveness of lime to reduce leaching of As, Cd, Cr, and Se from coal 
combustion fly ash. The percentage lime content used in the study varies between 
0.5% and 3%. The authors observed that the inclusion of lime reduces the leachability 
of Cd and Se. On the contrary, leaching of Cr was found to increase with increasing 
lime content. For the case of As and Se, the authors concluded that a minimum of 1 % 
lime by weight is required for cementitious reaction leading to reduction in 
leachability of heavy metals. 
Sophia and Swaminathan (2005) investigated the effectiveness of cement-fly ash to 
immobilize the electroplating waste sludge containing high amounts of chromium. 
The study founds that the compressive strength of cement-based binder system was 
greater than cement-fly ash based binder system. TCLP concentration of chromium in 
the leachate of solidified material was lesser than the US EPA regulatory limit 
(5mgl/l) on the 28'*" day of curing. The concentration of chromium leached after NEN 
7341 procedure was very low when compared to original sludge. The selected 
solidified blocks exhibited long-term chemical durability, as determined by Multiple 
TCLP. The leaching mechanism of the solidified waste form was controlled by 
diffusion as indicated by ANS 16.1 test. The study demonstrates that high content of 
chromium in the sludge can be effectively using 1 part by weight of cement and 3 
parts by weight of fly ash. 
Doven and Pekrioghu (2005) investigated potential application of high volume fly ash 
in cement paste for structural fill. Composite material which was comprising of 
cement paste, high percentage fly ash, silica fume, lime, and chemical admixtures, 
was tested for index (specific gravity, void ratio, and shrinkage), mechanical 
(unconfined compression and flexural strengths), and durability characteristics 
(hydraulic conductivity and soundness). The results of the tests compared with those 
from traditional fill material indicate that it possesses lower unit weight and high 
strength. 
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Malviya and Chaudhary (2004) have studied the Solidification/stabilization (S/S) of 
hazardous sludge from steel processing plant. Mechanical strength and leaching 
behaviour test of solidified/stabilized product was performed. The authors founds that 
the mechanical strength decreases with increase in waste content. Pb, Zn, Cu, Fe and 
Mn could be considerably immobilized by the solidification/stabilization process. The 
elements least immobilized were Na, K, and CI. Leaching of heavy metals in the S/S 
matrix can be considered as pH dependent and corresponding metal hydroxide 
solubility controlled process. On the basis of test results, mobility and mechanism of 
leaching was assessed. 
Abdel Raouf and Nowier (2004) presented a simple yet inexpensive methodology that 
can be used to immobilize Cd, Pb, and Fe from hazardous wastes. The procedure 
involved in mixing the waste material with fly ash and subjecting the mixture to high 
compressive pressure using hydraulic facility to form a waste-fly ash monolith. To 
demonstrate the effectiveness of this technique, the authors utilized low level 
radioactive waste material with 17% by weight of fossil fly ash. The monolith was 
tested for leachability by conducting accelerated leach test, TCLP, and long-term 
leach tests. The results showed significant reduction in Cd, Fe, and Pb concentrations 
which are below local acceptable limits. In addition, the monolith was found to 
possess high strength and water and radiation resistance. The reduction in leachability 
was related to combined effect of micro-encapsulation and chemical fixation. From 
geotechnical engineering perspectives, reduction in leachability of the monolith under 
high compression may be related to the effect of reduction in the pore volume. 
Works exemplified by those published in ASCE Geotechnical Special Publications 
Numbers 79 and 127 (Quiroz and Zimmie 1998; Humphrey et al 1998; Senadheera et 
al. 1998; Meegoda et al. 1998) have provided insight into applications of recycled 
materials in geotechnical infi^astructures. 
Parsa et al. ^996) have suggested the inexpensive method of stabilization of 
hazardous waste using Class C fly ash as the only binding agent. The experimental 
program, consisting of a compaction of simulated waste and fly ash, which requires 
no thermal energy and makes the wastes monolithic to reduce the leaching of 
contaminants. The intention of this process was to convert hazardous material into 
non-hazardous, which was determined by (TCLP). A simulated mixed waste 
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containing chromium, cadmium and lead was used in this study. The degree of 
stabilization/solidification was determined as the concentration of chromium in the 
TCLP leachate. The pH of the waste was statistically significant factor and the applied 
compaction pressure was also significant. Fly ash was not a significant factor under 
the designed experimental program of stabilization/solidification of liquid hazardous 
waste. The process involves mixing the waste and fly ash; the mixture was compacted 
for less than 3 seconds at 1.4 MPa-6.9 MPa to form monolithic. TCLP results for a 
simulated waste showed that the chromium concentration in leachate was well below 
the US Environmental Protection Agency (US EPA) limits. For this particular waste. 
TCLP results were not significantly affected by the ratio of waste: fly ash in the block 
due to the limited ranges of waste concentration that can be processed. 
Weng and Huang (1994) investigated the treatment of metal containing waste water 
with fly ash adsorption, and evaluated the ultimate disposal of metal laden adsorbent 
by cement fixation. After cement fixation, the product as a secondary construction 
material was also assessed. The results show that the fly ash can be an effective metal 
adsorbent. Fly ash adsorption capacities for Zn (II) and Cd (II) were 0.27mg/g and 
0.05mg/g respectively. Mortar specimen were prepared with various percentages of 
metal laden fly ash added in cement and sand i.e., 10%-50% of cement with different 
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water to binder ratios, varied from (0.4 to 0.65). The 56 day compressive strength of 
10% metal laden fly ash with cement and sand was almost the same or even greater 
than that of cement sand alone. Leachate from the stabilized metal laden fly ash with 
cement, obtained by using both the ASTM and United States Environmental 
Protection Agency extraction procedure-leaching test, exhibit metal concentrations 
lower than the drinking water standard. Compressive strength and leaching test results 
suggest that the metal laden fly ash can be considered for as a secondary construction 
material. 
Studies exemplified by Fraay et al. (1990) have shown that the addition of lime and 
gypsum has the potential to reduce the leachability characteristics of compacted fly 
ash and fly ash-amended materials. In cases where lime is added to fly ash to provide 
improvement in strength, possible leaching of the lime under field applications may 
lead to reduction in strength previously gained. 
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Strength test data often are used to provide a baseline comparison between 
unstabilized and stabilized wastes. Unstabilized waste materials generally do not 
exhibit good shear strength, however, if the waste is stabilized into a cement like 
form, the strength characteristics can be expected to increase significantly (Barth el al. 
1989). Minimum required unconfined compressive strength for a stabilized/solidified 
material should be evaluated on the basis of the design loads. US EPA (1982) 
considers a S/S material with strength of 0.35 MPa to have a satisfactory unconfined 
compressive strength. This minimum guideline has been suggested to provide a stable 
foundation for materials placed upon it in a landfill. In UK acceptable 28 day strength 
is 0.7 MPa but as low as 0.35 MPa is also considered depending on test specimen 
(Hills and Pollard 1997). 
A study by Stegemann and Cote (1990) reported unconfined compressive strength 
values for 69 stabilized/solidified wastes ranging from 0.06 to 19.99 MPa. 
Unconfined Compressive Strength tests (UCS) are performed at different time 
intervals of 1, 3, 7, 14, 28 and 90 days to monitor the effect of the changes in the 
mineralogical composition of waste, with increasing time, and environmental 
exposure. The strength of waste binder matrix is less than pure binder matrix (Mulder 
1996; Lombardi era/. 1998). 
The increase in the binder content (OPC, OPC+sulphur, OPC+SEA) increases the 
bulk densities because the binders filled the void space of solidified specimen (Hills 
1993; Malviya and Chaudhary 2004). Knoll and Andres (1998) compared unit weight 
of the fresh samples to the bulk density of the cured samples and assessed volume 
changes during the S/S process. A 28 day cured unit weight is larger than that of the 
fi"eshly mixed sample. This increase in unit weight with curing time results from 
hydration of the pozzolan filling void spaces with C-S-H. 
Fitch and Cheeseman (2003) have carried out field study on a metal-plating waste 
filter cake treated by stabilization/solidification (S/S) using ordinary Portland cement 
(OPC) and pulverized fuel ash (PFA), and has been characterized after exposure to the 
environment in England for approximately 10 years. The study found that the surface 
region (~5 cm) was severely degraded, extensively carbonated and had reduced acid 
neutralisation capacity (ANC) compared to bulk samples. Large 'plate-like' deposits 
of predominantly calcium hydroxide with a calcium carbonate upper layer were found 
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close to, but below the surface of the exposed S/S waste. Calcium zinc hydroxide 
[Ca (Zn(OH)3)2 2H2O] was the major crystalline phase found in the S/S waste in the 
region below the calcium hydroxide plates (10-15 cm). Samples taken from the bulk 
of the environmentally exposed S/S waste, at a depth of approximately 0.5 m, were 
more amorphous, contained no readily identifiable crystalline phases and had 
negligible strength but retained high acid neutralisation capacity. Metal analysis of 
homogenised samples taken from different depths into the S/S waste indicated a 
reduction in the concentration of heavy metals, such as Zn, Fe and Cr, in the top 5 cm 
of the S/S waste and an increase in concentration of these metals in bulk samples. The 
majority of crystalline mineral phases detected in the 28-day samples were not 
identified in the 10-year-old samples. 
One of the main environmental impacts of metal finishing sludges is the leaching of 
pollutants to surface and ground water. Therefore, the leaching tests, which allow the 
determination of the leaching behaviour of pollutants, play a major role in assessing 
the classification, compatibility of use and treatment according to the environmental 
impact assessment of disposal or technical economical possibilities of reuse within 
regulatory limits. In the European Economic Community Directive on the Landfill of 
Wastes EEC (1999), three levels of characterization are established: level 1 or basic 
characterization, where, wastes should fialfill the defined criteria to be accepted in a 
reference list; level 2 or compliance test, where wastes should fiilfill the opportune 
criteria at the entrance of the landfill; and level 3 or on-site verification of each load 
of wastes. Basic characterization procedures (level 1), compliance test (level 2) and 
on-site verification methods (level 3) do not yet have a common regulation in the 
European Union. 
Viguri et al. (2000) have studied the leaching behaviour of Cd, Cr, Cu, Fe, Ni. Pb and 
Zn, of the 32 metal finishing sludges coming from 16 European industrial facilities, 
and using the distilled water compliance test DIN 38414-S4 (1984). The study found 
that the concentrations of chromium and copper in the leachates do not follow the 
solubility evolution of their hydroxide with the pH. The simple assumption of a heavy 
metal concentration in the leachate directly related to the solubility of the hydroxide is 
not in good agreement with the experimental results of the distilled water leaching 
test, probably due to the presence of different species, which can contribute to the 
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metal mobility depending on the sludge composition. An experimental evaluation of 
the easily available amount of metals in real wastes seems to be necessary for disposal 
assessment. This study contains valuable information, from orderly handling metal 
finishing wastes to the statistical studies of production and management of wastes 
suggested recently by the Commission of the European Community (CEC). 
Lange et al. (1996) have conducted studies to solidify industrial wastes containing 
large amount of heavy metals using ordinary Portland cement blended with blast 
furnace slag and pulverised fuel ash. The solidified mixes were carbonated using an 
accelerated regime previously established and compared for strength development, 
leaching characteristics and phase development against their non-carbonated 
analogues. A significant difference in the immobilization of metals such as Zn, Ni and 
As was recorded for samples in which carbonation was optimized. The work has 
shown that by controlling mix parameters it is possible to improve the immobilization 
of specific metals. Electron microanalysis showed that this is partly due to the 
precipitation of calcite in the solidified waste pore structure. Carbonation was also 
found to accelerate C3S hydration in all carbonated samples and to modify the 
morphology of residual cement grains through the formation of a calcite coating over 
decalcified hydration rims. Some metals appear to be incorporated in both of these 
zones. 
Predictions of the leaching behaviour of elements from pulverized coal fly ashes 
could be derived on the leachate elemental concentration as a fiinction of pH. The 
leaching behaviour of Waelz-processed slags is largely solubility controlled in the pH 
domain, ranging from pH 5 to 12 (Viguri et al. 2000) showing a release oi heavy 
metals similar to slags with different basicity and levels of crystallisation. Published 
studies on industrial wastes show the leaching behaviour of heavy metal pollutants for 
an extensive list of inorganic waste materials as a function of pH. A general feature of 
the leaching test results obtained from coal fly ash is a minimum metal leachability in 
the pH range from 7 to 10. 
2.5.2 FACTORS AFFECTING HAZARDOUS WASTE STABILIZATION 
Methods used for studying effectiveness of S/S process are physical, chemical and 
microstructural. Hills and Pollard (1997) used setting and strength development as 
indicators of solidification and leach test to assess the extent of fixation. Researchers 
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have investigated the range of wastes for which the proportions of cement, wastes, 
and fillers consistently produce satisfactory product. Solidification may vary 
considerably with waste type, upon scaling up, and in cost. S/S of wastes has been 
examined in the laboratory by a number of researchers. Often, pure chemical 
components of one contaminants of concern increasingly or simple mixtures are 
added to OPC and other stabilizing agents (ashes of different origin, lime, clay, 
silicates, etc.,) to stabilize the contaminant of concern (Skalny and Daugherty 1972; 
Glasser 1993). To evaluate the degree of fulfillment of the S/S objectives specific 
criteria are given in Table-2.17 (Pereria et al. 2001; US EPA 1982). 
Table-2.17 Physico-chemical Quality Criteria for Solidified/Stabilized Waste 
Physical properties 
Setting time 
Compressive strength 
5-72 h 
>0.35MPa 
Metal concentration in TCLP leachates (mg/l) 
Cd 
Cr 
Pb 
Zn 
0.5 
5 
5 
300 
2.5.2.1 Interferences of Waste in Strength Development 
Solidified products are expected to harden over a period of 2-5-days. The effect of 
waste is studied by adding progressive quantities to OPC. A severe reduction in 
strength is observed at low concentrations (1% by wt.) of waste containing heavy 
metals (Bobrowski et al. 1997). A 3% (w/w total solids) addition of electroplating 
waste containing zinc resulted in a 99% reduction in the 28-day strength (Hills and 
Pollard 1997). 
When the waste fi-om electroplating, galvanizing and metal finishing operations are 
used then the UCS values of 2.1, 15 and 1.0 MPa were obtained when OPC was used 
in combination with ground granulated blast furnace slag (Lange et al. 1996). Yang 
and Chen (1994) stabilized incinerator ash with OPC and GGBFS. With replacement 
of OPC by slag results in better compressive strength. The authors also tried Polymer 
SP (a water reducing agent), with no effect on UCS. Lombardi et al. (1998) reported 
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UCS reduction of about 80%, which was more than sufficient for disposal in landfill. 
The use of higher binder content than optimum increased the film thickness of binder, 
which coated the aggregate and resulted in loss of UCS. The UCS decreases by 56% 
when the alkali content in OPC is increased from 0.15 to 2.8 wt.%. Addition of 2 
wt.% sodium sulphate to OPC/electroplating sludge had little impact, although the 
strength of OPC reportedly decreases with increasing sodium sulphate concentration. 
For sludge containing Ni, Cr, Cd, and Hg metals OPC+Class F fly ash (OPC to fly ash 
to sludge, 0.2 to 0.6 to 1) and Class C fly ash and lime (lime to fly ash to sludge. 0.3 
to 0.5 to 1) impart better strength than OPC (Roy et al. 1992). 
2.5.2,2 Waste/Binder and Water/Binder Ratio 
UCS decreases as water increases in most solidification methods. Chlor-alkali plant 
sludge was stabilized by a commercial solidification agent. It was found that smaller 
the sludge to binder ratio, better is the physical and chemical properties of the 
solidified monoliths was obtained (Yang 1993). The reasons for reduction in UCS as 
reported by Todorvic et al. (2003) is due to variable pore structure and visible holes 
(if mixtures are too wet). When OPC is blended with fly ash (Lombardi et al. 1998) 
with the increases in the fly ash to OPC ratio, the water demand of the mix increases 
and a decrease in the strength was observed. Similar results were reported for the 
study conducted on steel finishing unit sludge and OPC (Roy et al. 1992). Lower 
strength resulted ft-om the lower Portland cement and much higher water contents. 
Generally, a waste/binder ratio of 0.4-0.5 is used with a water/solid ratio of 0.4-0.6. 
Super plasticizers (20 ml/kg of cementious material) are added to improve fluidity and 
to reduce water/binder ratio (Allan and Kukacka 1995/ 
Cement content and curing were reported as the most important factor, with the water-
to-solids ratio being less important for the ranges investigated (Chisholm and Lee 
2000). The influence of water/cement ratio was reported to be secondary as compared 
to the constituents of matrix (Rossetti et al. 2002). Similar comment is given by 
Zivica (1997). Compressive strength depends on the quality of pore structure of the 
cement-based materials. This quality is moreover dependent on the kind and quantity 
of the constituent forming pore structure (cement hydration products and their 
reaction with admixtures). 
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Wang and Vipulanandan (1996) reported that the strength if,/netal laSen-•cement \ 
mortar is affected by the water/binder ratio at 1, 3 and 14 curirtii^aVs. Water content, 
of cement-fly ash-soil mixture decreases as curing time ana^:6^6ntivcogi|j*f^ 
increases. The influence of cement content was more pronounced than that of curing 
time (Kaniraj and Havanagi 1999). Effect of humidity was studied on the compressive 
strength of atmospheric fluidized bed combustion ash and pulverized fly ash. Relative 
humidity of 65% and 90% were maintained in climate cells and the high relative 
humidity in the stabilized material led to higher ultimate compressive strength. 
However, this may induce the formation of more ettringite, principally increasing the 
chances of carbonation. 
2.5.2.3 Initial Setting Time and Hydration 
The calcined product of the cement consists mainly of four mineral phases: alite 
(C3S), belite (C2S), aluminate (C3A), and ferrite (C4AF). Other phases are free lime 
(CaO) and gypsum (CaS04-2H20). Alite and belite hydrate to C-S-H and portlandite. 
When lime and gypsum are present, aluminate hydrates into calcium aluminate 
hydrate (C4AH13). UCS decreases with increase in crystalline phases (Roy ei al. 
1992). Hydration of OPC is exothermic and is studied by isothermal conduction 
calorimetery. As hydration proceeds, a characteristic rate of heat is produced that is a 
function of composition, hydration efficiency of the system, temperature and other 
effects. A pure OPC hydration curve closely resembles that produced by C3A and can 
be corrected to the amount of calcium hydroxide evolved. Waste/OPC mixes tend to 
produce heat of hydration curves that are dissimilar to a pure hydraulic or blended 
binder system. 
Hydration of OPC in stabilized/solidified product depend on the nature and relative 
quantity of waste. The maximum rate of heat evolved is defined as the gradient of 
hydration curve. Hills and Pollard (1997) established that cement hydration is 
poisoned by industrial hydroxide sludge, when the waste cement ratio is above a 
certain limit. This threshold depends on the nature of the waste. The mixing of metal 
hydroxide sludge of Cr (0.06-7%), Zn (0.5-10%), and Fe (1-2.25%), resulted in 
hindrance of the hydration process, characterized by an initial peak followed by lack 
of an exothermic reaction. The initial peak is due to precipitation of a solid phase, 
which hinders hydration. Increasing waste quantity increases size of the initial peak 
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(indicating more precipitation) followed by hindrance (Fig. 2.10). At low 
concentration hydration is continued but it is distiirbed. Cioffi et al. (2002) found that 
waste content as high as 60 wt.% did not alter the hydration products. However, the 
extent to which hydration takes place is reduced when the waste content is greater 
than 20 wt.%. 
Hills (1993) discussed the mechanism of hydration interference (Fig. 2.11). From the 
hydration studies on OPC, it is known that the aluminate phases are capable of 
producing AFt within <10 min of mixing with water. Within a short period time, a 
gelatinous layer can be observed to form and, at the end of an induction period, 
further products of hydration "burst" through. 
The formation of the gel coating around cement particles is an important reaction rate 
determining step, when waste is introduced this step is modified. Modification may be 
complexation or precipitation effects rendering the gel layer essentially impermeable, 
e.g. complexation and removal of calcium at the surface of hydrating cement grains 
by anionic or cationic agents will limit the production of both CH and C-S-H. Another 
modification may be altering the chemistry of these phases (e.g., gel Ca/Si ratio 
during progressive hydration), for example by removal of calcium through 
precipitation. Subtle but selective differences in the interference mechanism operating 
on a gel coating may also explain why some products show minor AFt development 
whereas others do not. 
The standard initial and final setting time reported for OPC should not be less than 45 
min and more than 10 h, respectively. The variations for initial and final setting time 
after the addition of PbO to cement pastes at admixture percentage of 0, 1, and 4 
varies fi-om 3 to 5 h 40 min, and 7 to 27 h 15 min, respecfively. With the increase in 
waste content the main exotherm becomes less pronounced and broadens. At 
commercial operations of 20 wt.% binder, the main hydration exotherm may be 
absent and normal hydration is indefinitely retarded. With the waste addition rate of 5. 
15, 20, 30 wt.%. The increase in time with respect to zero waste/cement system was 
80, 180, and 350 h and no set for 30% waste, respectively. Similar, results are 
reported by Vail and Vazquez (2000) but they experimented with additives like 
CaCh, that accelerates set. 
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2.5.2.4 Carbonation 
Carbonation is capable of inducing setting and strength development in the waste 
forms where hydration is significantly retarded. Carbonated S/S product develops 
higher strength in comparison to non-carbonated products. Carbonation has 
influenced the properties of cement waste forms in a number of ways. For example, 
C-S-H gel products, which are recognized as playing an important role in the fixation 
of toxic species, are significantly altered. This manifests itself as a change in the ion 
exchange capacity of the gel as carbonation proceeds. The gel becomes progressively 
polymerized as OH and Ca are consumed in the production of CaCOa despite the 
apparent maintenance of morphology. Carbonation involves reaction with phases like 
AFt/AFm, C-S-H gel and CH. Carbonation of C-S-H produces silica gel and CaCOv 
Carbonation of ettringite is presented in Eq. (2.1): 
3CaOAl203-3CaS04-32H20+3C02t==^ 
CaC03+3(CaS04-2H20)+Al20-.YH20+26-AH20 (2.1) 
Ettringite may be present in abundance within hydrated cement containing materials 
and directly reacts with CO2 to produce calcite. The volume change accompanying 
this reaction can help to fill pore spaces, densify the product and improve structural 
integrity. In addition the direct nature of this particular reaction may lead to the 
precipitation of calcium metal double carbonates such as calcium zincate when certain 
toxic species are present in solution (Parrot 1987). Eq. (2.2) represents the 
carbonation of portlandite: 
Ca(OH)2+C02 c = ^ CaC03+H20 (2.2) 
Waste containing heavy metals has increased susceptibility to carbonation. 
Incorporating waste species into a carbonate phase by a mechanism involving solid 
solution reactions with calcite also improves metal fixation. Carbonation appeared to 
overcome severe retardation effects through acceleration of the C3S hydration and 
resulted in improved mechanical and chemical properties of the blended material. 
When accelerated carbonation was used for cement mortars significant strength could 
be generated within minutes for different w/c ratios and compaction molding. The 
strength of metal waste solidified/stabilized with OPC, OPC+blast furnace slag and 
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OPC+pulverized fuel ash, improved because of carbonation (Lange et al. 1996). For 
almost all waste containing mixes, CO2 uptake was reported 3-6 wt% higher than for the 
control mixes. Pulverized fly ash reduced the rate of carbonation. Rate of carbonation was 
not reported to be proportional to the maximum CO2 consumed. The order of 
susceptibility for carbonation was studied by Lange et al. (1996), OPC > SRPC >WOPC. 
with 60 wt.% loading of multi metal bearing waste. The conclusion drawn on the basis of 
this observation was that, the cement phases like ferrite plays an important role, as ferrite 
is significantly less in WOPC. In a similar study, all these cement were utilized with PFA. 
ABFC, and GGBS, carbonation resulted in decreased UCS for ABFC and PFA system. 
PFA had a little effect on carbonation of OPC, SRPC, and WOPC. Granulated blast 
furnace slag (GGBS) resulted in the highest CO2 uptake above waste/binder ratio 0.5 for 
all cement/waste systems. Mechanism suggested is that the CO2 enhances the 
microporosity inside the reaction product. GGBS/cement phases contain less calcium 
hydroxide than Portland cement, resulting in pronounced reaction between C-S-H and 
CO2. The consumption of CO2 was less in multiple metal bearing solidified waste than 
the single metal (zinc) bearing waste. It was concluded that the concentration of specific 
metals or other waste species wdthin a waste might be important in governing the rate of 
carbonation reaction. The presence of other elements, organics and anions also influence 
carbonation by reacting with cement paste and influencing the CO2 effective diffusion 
coefficient (Lange et al. 1996). Carbonation is also affected by the moisture content. 
Water is necessary for reaction with CO2 but too much water severely limits the rate of 
reaction, as the pores are filled with water, the penetration of CO2 is reduced, decreasing 
the rate of CO2 diffusion. If the pores are completely dry, the reaction of CO2 is absent. 
This implies solvation of CO2 is critical for effective carbonation. Different water 
contents are required for different cements. As water content increases, induction time 
increases (Lange et al. 1996). Carbonation of OPC and OPC+50,000 ppm of Cd for 30 
days resulted a decrease to neutral pH of pore fluid but no change in tiie concentration of 
Cd. Thus carbonation had no adverse effect on cadmium immobilization. Carbonation 
increases the leachability of S04^~ and heavy metals such as Zn and Cr (Alba et al. 2001). 
Carbonating waste prior to solidification results in more complete carbonation. The 
addition of Ca(0H)2 to the recipe was with the intention of promoting CaCOs formation. 
However, contrasting the results was found as strength and metal retention was decreased. 
Ca(0H)2 would increase CaCOs formation both through providing nucleation sites for 
precipitation and as a consequence of undergoing carbonation itself 
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2.5.2.5 Effect of Environment on S/S Product 
Exposure to the environment has significant effects on the properties of the S/S 
wastes, particularly in the near surface region. The combination of wet/dry. 
freeze/thaw cycling carbonation, alkali-aggregate reaction, sulfate attack and other 
environmentally induced stresses has caused extensive structural degradation to a 
significant depth. The vulnerability of the treated wastes to chemical and physical 
attack depends to a large extent on factors such as permeability, chemical and 
mineralogical composition, and microstructure of the cement paste, as well as the 
cement and waste aggregates (Klich et al. 1999). An unexpected feature of the 
exposed S/S waste was the precipitation of massive plates of Ca(0H)2 crystals thai 
were found just below the surface. The formation of these relatively large crystals was 
attributed to the high concentrations of Cd^* and OH" and other ions leached into the 
pore water when the structurally degraded S/S material becomes saturated. As the 
surface region dries, moisture movement combined with evaporation increases pore 
water ion concentration, resulting in the plate like Ca(0H)2 crystals. This leaching and 
re-precipitation of readily soluble alkaline metal and associated anions causes 
redistribution of the acid neutralization capacity to the exposed top of the S/S waste. 
Above the plates the S/S waste is extensively carbonated as a result the acid 
neutralization capacity was significantly reduced. Ca(0H)2 has a high ANC. but 
redistribution close to the surface makes this Ca(0H)2 more accessible to CO2 and 
carbonation, which partially neutralizes this ANC. The laboratory testing was based 
on the assumption that the material tested is representative of S/S waste after disposal. 
The results from the study by Fitch and Cheeseman (2003) show that this assumption 
is not necessarily correct. The waste material after 10 years of environmental 
exposure was very different from that present after 28 day curing in the laboratory. 
The leaching properties of material tested after 28 days also seem to be very different 
from leaching of environmentally exposed S/S waste. This raises the issue of how 
representative data is obtained for samples from 28 day curing compared to long term 
S/S waste performance (Baur et al. 2001). 
A solidified electroplating waste monolith with 20 wt.% of the OPC replaced by blast 
furnace slag were reported to be capable of passing both these physical durability 
tests. However, solidified monoliths wdth 40% replacement failed in the freezing and 
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thawing test. Yang (1993) assessed the effect of these physical durability conditions 
on compressive strength. Freezing-thawing affected strength more adversely than 
wetting thawing. 
2.6 CONCLUDING REMARKS 
The detailed literature survey revealed that the studies on stabilization and leaching 
behaviour of wastes containing heavy metals using fly ash and cement have been 
carried out in the past by various researchers. From environmental and human safety 
perspectives, utilization of waste and waste-amended materials in civil engineering 
construction is limited. Therefore, keeping in view the above problems, the present 
study aims at to evolve certain methodology to utilize these two industrial wastes like 
Harduaganj fly ash and electroplating waste sludge for geotechnical applications. 
However, fills with these materials as discussed in the literature review, suggests that 
the following aspects need to be understood in more detail: 
(i) The electroplating waste sludge is to be treated and precipitated by lime. 
before stabilizing it with fly ash and cement. The extra lime in the waste 
sludge will participate in pozzolanic reaction with fly ash. Hence, making the 
mix stronger and less permeable. 
(ii) The leaching behaviour of the stabilized mix need to be monitored for longer 
duration of time at regular intervals. 
(iii) Use of fresh or remolded samples and the delay time between preparation of 
wet mix and compaction while carrying out proctor compaction test have 
affected the value of compaction parameters, MDD and OMC in the case of 
soils. The influence of these factors in the case of fly ash and fly ash-cement-
waste sludge need to evaluated and standard procedures for preparation of test 
samples for compaction test need to be evolved. 
(iv) The shear strength and California bearing ratio (CBR) of fly ash and fly ash 
stabilized with lime and cement is available in literature, but these properties 
need to evaluate for the mix, combined with fly ash-lime precipitated 
electroplating waste sludge and cement. 
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(v) Plate load test has been adopted to evaluate the performance of compacted 
beds of fly ash and fly ash-waste sludge and cement under different water 
table conditions. 
(vi) Compacted fly ash beds are subjected to pre-consolidation stress produced by 
the compaction process. Therefore, the existing methods of correlation 
between SPT 'N' or static cone penetration values with settlement as given by 
Terzaghi, applicable for natural deposits of sand, may not be applicable in the 
case of compacted ash fills. Hence, a suitable method to predict the load-
settlement behaviour of footing resting on fills comprising of fly ash-waste 
sludge-cement, which takes into account the pre-consolidation stress is 
needed. 
(vii) The fly ash can be used economically for embankment construction in the 
vicinity of thermal power stations when lead distance is about 10 to 15 km. 
(viii) In case of rigid pavements, usage of fly ash leads to considerable savings even 
if fly ash is to be transported more than 50 km or perhaps 100 km. For rigid 
pavement construction in a large scale, part replacement of cement by dry fly 
ash is acceptable. 
Hence, in order to utilize these wastes for geotechnical applications, it becomes 
imperative to carry out various tests to judge the suitability of these mixes for 
geotechnical and highway engineering applications aspect. 
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(Dayal and Sinha 2000) 
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Chapter-3 
CHARACTERIZATION OF MATERIALS AND 
STABILIZATION OF MIX 
3.1 GENERAL 
Power generation is the most vulnerable criterion of modem civilization, where 
thermal process takes lead in comparison with hydro-electricity and others, owing to 
its easiness and availability of main ingredient that is coal. Nearly 73% of India's total 
installed power generation capacity is thermal of which coal based generation is about 
90%. But at the same time, disposal of huge quantity of fly ash generated from the 
power plants is a burning problem. This is detrimental to animal and plant life, since it 
pollutes the environment as well as it requires large area for its disposal, when 
availability of land is getting scarce day by day. Most of the plants were now facing 
shortage of dumping space for these waste materials. According to Basak et al. (2004) 
the accumulated fly ash in the last year over the country was about 100 MT which is 
expected to be raised beyond 150 MT by the year 2010. The Indian Government 
passed a law in October, 2005 stating that a minimum of 25 percent of fly ash must be 
used in the manufacture of clay bricks for use in construction activities within a 
50 km radius of coal burning thermal power plants (NGBM 2006). 
There were also restrictions on the excavation of top soil for the manufacture of 
bricks. This necessitates effective utilization of this accumulated waste. Besides other 
uses of fly ash one of its important uses is to stabilize wastes containing heavy metals 
owing to its cementing properties and availability in large quantities. The major 
components of fly ash are alumina, silica, ferric oxide, and calcium oxide, each of 
these oxide components can be an ideal metal absorbent (Weng and Huang 1994). 
One of the major hazardous waste generating industries is the electroplating industry 
due to the presence of high concentration of heavy metals such as Ni, Cr, Pb, Cu. Cd 
and Zn etc., (Chang el al. 1999). Solidification/stabilization (S/S) is a promising 
technology that uses the addition of a binding agent to encapsulate and reduce the 
mobility of the hazardous waste elements (Lange et al. 1996). As the restrictions on 
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landfiUing become stronger and wastes were banned from land disposal, S/S could 
potentially play an important role in making wastes acceptable for land disposal. 
Lower permeability and lower, contaminant leaching rates can make barmed wastes 
acceptable for land disposal after S/S (Wiles 1987). This has attracted the attention of 
many researchers to stabilize the waste sludge containing heavy metals using fly ash 
and cement (Roy et al. 1991; Weng and Huang 1994; Parsa et al. 1996; Sophia and 
Swaminathan 2005; Turkel 2006). These studies showed that the waste sludge 
containing heavy metals, when stabilized with fly ash and cement, the mix exhibit.s 
acceptable compressive strength and good leaching resistance. However, these studies 
have not carried out the treatment and precipitation of waste sludge before 
stabilization. 
Therefore, keeping in view the necessity of stabilizing the electroplating waste sludge 
using fly ash and cement, the waste sludge was treated and precipitated using lime. 
Lime was selected to provide additional neutralizing capacity and to assure localized 
pH values greater than 10 required for CaCOa formation (Guo et al. 2001) before 
stabilization (Shah and Ahmad 2008) to increase the stability of the mix and 
encapsulating the heavy metals up to a greater extent. In this study a modest but 
environmental friendly method has been proposed with prior destruction of cyanide, 
reduction of Cr (VI) to Cr (III) and effective precipitation of waste sludge which is 
leading to a solid having high structural integrity (Nathalie et al. 2006). Several 
studies on the solidification of metals in synthetic waste were reported but the data on 
the application of solidified industrial waste sludges are very few such as (Al-Amoudi 
2002; Quiroz and Zimmie 1998; Humphrey et al. 1998; Senadheera et al. 1998: 
Meegoda et al. 1998; Osinubi and Nwaiwu 2006; Ghosh and Subbarao 2007). 
The objective of the present study is to stabilize electroplating waste sludge using 
fly ash and cement so that it may becomes environmental fiiendly mix, which can be 
further utilized for geotechnical applications without causing danger to human, plant 
and soil. Hence, this study serves two purposes; it immobilizes the toxic heavy metals 
and at the same time utilizes the two industrial wastes such as fly ash and 
electroplating waste sludge for mass scale .utilization. 
Cement based S/S uses Portland cement as a binding agent. When fly ash and 
Portland cement are mixed with water, heat is evolved and the mixture becomes 
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strongly alkaline. During the initial reaction period, the anhydrous clinker grains 
coated with a neariy amorphous precipitate, which acts as a semi protective film and 
slows reaction during the induction period. Towards the end of the induction period, 
breakdown of the film marks the onset of rapid strength gel network linking particles, 
resulting in physical stiffening of the cement matrix. As the gel continues to stiffen 
and densify, the fly ash-cement matrix gain strength. Typical modem Portland cement 
achieves about two thirds of hydration in 28 days (Glasser 1997). The main chemical 
that is considered in hydrated cement is colloidal calcium silicate hydrogel known as 
C-S-H and this gel product is formed at the cement particle surfaces (Cocke 1990). 
C-S-H plays an important role in the mechanisms of fixation during solidification 
(Yousuf er al. 1995; Hills and Pollard 1997) and is principally responsible for strength 
development (Cartledge et al. 1990). Ghosh and Subbarao (1998) studied stabilization 
of fly ash containing heavy metals by using lime as a binder and gypsum as an 
add'itive. Fly ash was effectively stabilized with lime to reduce leaching of metals, 
such as copper, iron, nickel, and zinc. Moreover, lime and gypsum reduced the 
hydraulic conductivity of the unstabilized fly ash approximately by the order of three 
magnitude from 8 x 10"^  to 4.53 x 10''° m/s. Chang et al. (1999) studied the S/S of 
metal containing hazardous waste sludges using cement and waste pozzolans. The 
compressive strength of the solidified mix was obtained as 150 kg/cm for the 
additives 17% cement, 14% slag, 55% fly ash, and 14% shell lime. 
Leaching tests were used in many applications, ranging from the classification of 
industrial wastes for disposal in landfills to assess the stability of solid wastes for their 
beneficial use. Failure to pass a leaching test requires the waste to be treated where 
the contaminants in the waste were immobilized by stabilization/solidification 
procedures prior to its disposal. Fly ash and cement stabilization is one of the 
examples of such treatment. The leaching of heavy metals from cementitious waste 
has been investigated in many studies (Akhter et al. 1990; Janusa et al. 2000; 
Hillier el al. 1999; Poon et al. 2001; Halim et al. 2003/The main findings of these 
studies were that the cementitious wastes have a high acid neutralizing capacity 
(ANC) which tends to quickly neutralize the acidity of the toxicity characteristics 
leaching procedure (TCLP) leaching fluid (acetic acid). The resultant high 
equilibrium leachate pH in turn leads to precipitation of many of the metals. Also, in a 
CO disposed environment, the pH of landfill leachate typically lies between 5 to 8 
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depending on the age of the landfill. This is despite suggestions that pH is the most 
important factor to be observed during the leaching process as it influences the 
speciation and solubility of metals in the system (Glasser 1997; Sanchez et al. 2002: 
Stegemann and Buenfeld 2002). 
3.2 TEST MATERIALS 
In this study, the materials used are: 
(i) Fly ash 
(ii) Electroplating Waste Sludge 
(iii) Lime 
(iv) Ordinary Portland Cement (OPC) 
3.2.1 FLY ASH 
Fly ash was procured from Harduaganj thermal power plant located at 16 km from 
Aligarh City, Uttar Pradesh, India. This power plant consist of 440 MW pulvarised 
coal units, producing 25 trucks of fly ash and bottom ash per day which is about 
1500 tonnes fly ash and 500 tonnes of bottom ash (Fly ash Stattis Sununary 2005). It 
is equipped with dry ash handling facilities. Fly ash from Electrostatic Precipitator 
(ESP) is continuously removed to buffer hopers located near ESP by means of 
vacuum pumps. From buffer hoppers, dry fly ash is pneumatically conveyed to 
storage silos, from there, it can be unloaded dry to pneumatic tank trucks or 
conditioned with water by hydro mix dust conditioners for discharge to open bed 
trucks. Ash to be stored is removed by belt conveyers to ash storage area 
(ash mound). Bottom ash is continuously collected in wet hoppers, ground to sand 
size and periodically transferred to one of six hydrobins for decanting. The settled ash 
is transported by belt conveyers to the ash mound area, or can be unloaded to trucks 
by the reversible belt conveyers. For the present investigation, dry fly ash from 
hoppers is collected in polythene bags. 
3.2.1.1 Physical Properties 
The physical properties fly ash is shown in Table-3.1. The grain size distribution was 
determined using sieve analysis for particles larger than 75^ and hydrometer analysis 
for particles less than 75^ as per IS: 2720 (Part 4-1985) (Martin et al. 1990; Cokca 
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1997; Sinha et al. 1998). The grain size distribution curve for fly ash is shown in 
Fig. 3.1. It can be seen that the predominant size of particles in fly ash are silt sized 
(particle size between 0.600 mm to 0.0012 mm). The fly ash used in the present study 
can be classified as ML (silt of low compressibility) as per IS: 1498-1987. 
The specific gravity of fly ash was determined using pycnometer as per IS: 2720 
(Part 3/Sec 1-1980), which is equivalent to ASTM D 854-2000 (Martin et al. 1990: 
Pandian et al. 1998; Trivedi and Sud 2002). The specific gravity of fly ash is observed 
to be less than that of soils. The low specific gravity of fly ash may be due to high 
proportion of cenospheres or hollow particles (Kaushik and Kumar 1998). 
Table-3.1 Physical Properties of Fly ash 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
Constituent/Property 
Colour 
Percent passing 75 \i sieve 
Size of the particle 
Maximum dry density (MDD) 
Optimum moisture content (OMC) 
Specific gravity 
Surface area 
Unbumt carbon 
Classification 
Value 
Grey 
88% 
0.002-0.30mm 
9.30 kN/m' 
27.5% 
2.02 at 27°C 
3060 cm^/g 
11.80% 
ML 
3.2.1,2 Chemical Composition 
X-ray Diffraction (XRD) were carried out in the Instrumentation Centre, IIT Roorkee, to 
determine the mineralogical composition of Harduaganj fly ash. A Bruker AXS (Bruker 
AXS GmbH German) diffractometer D8 was used. Scanning was conducted between 5 
and 120^(20), at a rate of 2" /min using Cu-Ka characteristics radiation of Cu target 
element. Figure 3.4 shows the diffraction pattern of fly ash. The peaks were associated 
with characteristic minerals. The DIFFRAC''^ ^^ 2002 database software was used for 
identifying the mineralogical phases. The analysis shows the presence of significant 
amount of quartz (Si02) and mullite minerals. These crystalline minerals were non-
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reactive at ordinary temperatures. The presence of these minerals in large proportion 
tends to reduce reactivity of fly ashes. 
The principal chemical constituents of fly ash were silica (Si02), alumina (AI2O3). iron 
oxide (Fe203) and calcium oxide (CaO) as shown in Table-3.2. As per 
ASTM C 618-03, fly ash containing silica more than 35% and the combined percentage 
of silica, alumina and iron oxide more than 70% and CaO is less than 10%. Accordingly. 
Harduaganj fly ash is classified as Class F fly ash. 
The scanning electron microscopy (SEM) tests at histitute Instrumentation Centre, 
IIT Roorkee, using LEO 435 VF (LEO Electron Microscope Ltd. UK) were employed in 
this study to visually observe the microstructural development in the matrix of 
fly ash, fly ash-lime precipitated electroplating waste sludge and fly ash-cement-lime 
precipitated electroplating waste sludge blend. 
The broken representative samples were mounted on the copper stub (sample holder) with 
the help of carbon paint. The specimens were then coated with thin layer of gold 
palladium to provide surface conductivity. The coated specimens were then placed in 
LEO 435 VF Scanning Electron Microscope. The distal images, called micrographs, 
were taken and used to identify the reaction products. 
. Figure 3.2 shows the scanning electron micrographs (SEM) for fly ash. The micrographic 
observation for fly ash indicates presence of spherical particles in abundance, sub rounded 
porous grains, irregular agglomerates, opaque spheres and irregular porous grains of 
unbumed carbon. 
Table-3.2 Chemical Properties of Fly ash 
Constituent/Property 
Si02 
AI2O3 
FCZOB 
CaO 
MgO 
SO3 
Loss on Ignition (Percent by Weight) 
Value 
(%) 
54.0 
24.0 
12.0 
02.0 
01.0 
0.30 
1.50 
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3.2.2 ELECTROPLATING WASTE SLUDGE 
Electroplating waste sludge was collected in the form of filter cake from one of the 
electroplating industries in Aligarh City, India, in which Nickel, Chromium, Zinc and 
Cadmium plating is done, associated mostly of lock and other allied industries. In this 
city, more than 5000 number of big and small plants are working. These plants 
generate large quantity of waste. The quantity of articles plated, depends on shape, 
property desired for various articles. This industry is having 130 x 20 x 75 cm size 
tanks for collecting wastes of Nickel, Chromium, Zinc and Cadmium etc. There is no 
appropriate arrangement for proper disposal of these wastes were made, generally 
these wastes are disposed directly in the drains without any treatment. 
3.2.2.1 Physical Properties 
The physical characteristics of electroplating waste sludge (Table-3.3) such as 
specific gravity, total dissolved solids, total solids and total suspended solids were 
determined as per the following procedure. 
A well mixed sample is evaporated in a weighed dish and dried to constant weight in an 
oven at 103''C to 105"C the increase in weight over that of the empty dish represent the 
total solids. The residue retained on the filter is dried to a constant weight at 103"C to 
105°C. The increase in weight of the filter represents the total suspended solids. 
Specific gravity of waste sludge is the ratio of the masses of equal volumes of a waste 
sludge and distilled water. It is determined by comparing the mass of a known volume 
of a homogenous waste sludge sample at a specific temperature to the mass of the 
same volume of distilled water at 4"C. The specific gravity of this sample comes out 
to be 1.022. 
The pH is a measure of corrosivity. The pH of the sample is 1.2< 2. which is very 
low. According to the US EPA (1992) regulations if pH of any waste is less than 2. it 
is termed as corrosive and hazardous. Hence, the sample and subsequently the whole 
waste sludge taken for investigation is corrosive as well as hazardous in nature. 
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Table-3.3 Physical Properties of Electroplating Waste Sludge 
Constituent/Property 
Total Solids 
Total dissolved solids 
Total suspended solids 
Sp)ecific gravity 
pH 
Value 
128345mg/l 
6417.2mg/l 
121927mg/l 
1.022 
1.2 
3.2.2.2 Chemical Properties 
The electroplating waste sludge was collected in the form of filter cake, comprises of 
70% solid waste and 30% waste water (Fig. 3.5). The solid waste includes chemicals, 
heavy metals and metallic dust. Heavy metal analysis was carried out at the 
Department of Applied Chemistry, A.M.U. Aligarh, using GBC-902 atomic 
absorption spectrophotometer (AAS) and Institute Instrumentation Centre, I IT. 
Roorkee. The AAS observation shows that the quantity of heavy metals in the 
electroplating waste sludge was extremely high as shovm in Table-3.4. Figure 3.3 
shows the scanning electron micrographs (SEM) for lime precipitated dried 
electroplating waste sludge. 
Table-3.4 Heavy Metal Concentration in Electroplating Waste Sludge 
Metals 
Nickel 
Chromium 
Zinc 
Cadmium 
Copper 
Lead 
Concentration 
(mg/l or ppm) 
610 
630 
800 
025 
300 
005 
3.2.3 LIME 
The finely powered white coloured lime was used as precipitator having the chemical 
composition given in Table-3.5. 
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Table-3.5 Chemical Composition of Lime 
Constituent Properties 
Assay 
Chloride 
Sulphate 
Aluminium, iron and insoluble matters 
Arsenic 
Lead 
Value 
95% 
0.01% 
0.2% 
1.0% 
0.0004% 
0.001% 
3.2.4 CEMENT 
The cement used in this study was OPC-43 grade. The test on cement was conducted 
in accordance with IS: 269-1989. The physical properties of cement are given in 
Table-3.6. 
Table-3.6 Physical Properties of OPC-43 grade Cement 
Constituent/Property 
Specific surface cm'^ /gm 
Soundness in mm 
Compressive strength in MPaat 3 days 
Compressive strength in MPaat 7 days 
Setting time (minutes) 
Initial 
Final 
Specific gravity 
Normal consistency (water in % of cement by weight) 
Value 
3175 
3.30 
14.3 
23.5 
100 
290 
3.13 
27.5 
3.3 METHODOLOGY 
First of all treatment and precipitation of the electroplating waste sludge was carried 
out, then it was dried, grinded and sieved through 425 [i IS sieve. Fly ash was dried in 
oven for 24 hours and sieved through 425 ^ IS sieve. The Proctor Compaction test 
was conducted to obtain Maximum Dry Density (MDD) and Optimum Moisture 
Content (OMC) of fly ash. The OMC of the fly ash was obtained as 27.5% which also 
satisfies the IS: 456 (2000) requirements i.e. (25% water by weight of cement is to be 
added to cement mortar for chemical reactions). The 100mm x 100mm x 100mm 
cubes were casted for various percentages of fly ash (FA), electroplating waste sludge 
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tlie'^  cubes were takein out (S) and cement (C) as shown in Table-3.7. After 24 hdUrs;tMc 
from the moulds and cured for 7 days, 14 days, 21 ^ s , ^ 2 8 days a n ^ O ^ y s 
(Fig. 3.8) using temperature controlled curing tank (Fig. 3.9). Th&c^TSdsv^s were 
tested for compressive strength determination by compression testing machine 
(Fig. 3.10). Finally, toxicity characteristics leaching procedure (TCLP) tests were 
performed to determine the leachates from different samples to establish the 
environmental acceptability of the mix. 
3.3.1 TREATMENT AND PRECIPITATION OF ELECTROPLATING 
WASTE SLUDGE 
Chromium, Nickel, Zinc and Cadmium plating finds its application in electroplating 
industries for surface treatment and finishing of metals/plastics. This leads to the 
generation of effluents and solid wastes containing chromium, nickel, zinc and 
cadmium (Brooks 1993; Sastry 1986; Trivedi and Raj 1995). The conventional 
decorative, crack free hard plating and black plating require chromic acid in the range 
of 175^70 g/1 with certain additions. The end solution of the Cr (III) bath also 
contains some amount of Cr (VI) due to anodic oxidafion, whereas, the chromic acid 
essentially produces an end solution consisting of Cr (VI) which is more toxic than 
Cr (III). Therefore, it becomes imperative to reduce Cr (VI) into Cr (III). 
Precipitation is the most prevalent method utilized for purification of the spent 
streams/effluents before discharging these to the sewer/river/land for irrigation. For 
precipitating Cr (VI) of a stream, the solution pH is brought down to 2-3 and Cr (VI) 
is reduced to Cr (III) using a suitable reductant such as sodium thiosulphate etc. The 
application of ferrous sulphate, sulphur dioxide, barium sulphite, and sodium 
metasulphite were often reported (Agrawal et al. 2006; Bruzzone et al. 1992; Kato 
and Nagai 1991) as a reductants, but, the former being extensively used. The pH of 
the solution is then raised to 7.5-9.0 with lime. Once chromium of the effluent has 
been reduced and its pH raised, it is mixed with the balance of the effluent where 
most of the ions were already in the lowest reduced state, resulting in precipitation of 
the insoluble metal hydroxides as waste sludges, which were filtered after settling. 
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Table-3.7 Details of Various Test Conditions 
S. No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 
34. 
35. 
Mix 
Fly ash (FA) 
95%FA+05%S 
90%FA+10%S 
85%FA+15%S 
80%FA+20%S 
75%FA+25%S 
70%FA+30%S 
65%FA+35%S 
60%FA+40%S 
55%FA+45%S 
50%FA+50%S 
45%FA+55%S 
40%FA+60%S 
98%FA+02%C 
96%FA+04%C 
94%FA+06%C 
92%FA+08%C 
90%FA+10%C 
88%FA+12%C 
86%FA+14%C 
84%FA+16%C 
82%FA+18%C 
80%FA+20%C 
93-75%FA+2-20%C+05%S 
88-70%F A+2-20%C+10%S 
83-65%FA+2-20%C+l 5%S 
78-60%FA+2-20%C+20%S 
73-55%FA+2-20%C+25%S 
68-50%FA+2-20%C+30%S 
63-45%FA+2-20%C+35%S 
58-40%FA+2-20%C+40%S 
53-35%FA+2-20%C+45%S 
48-30%FA+2-20%C+50%S 
43-25%FA+2-20%C+55%S 
3 8-20%F A+2-20%C+60%S 
. . . 
Compressive Strength 
Test 
7, 14, 21, 28 and 90 days 
7, 14, 21, 28 and 90 days 
7, 14, 21, 28 and 90 days 
7, 14, 21, 28 and 90 days 
7, 14, 21, 28 and 90 days 
7, 14, 21, 28 and 90 days 
7, 14, 21, 28 and 90 days 
7, 14, 21, 28 and 90 days 
7, 14, 21, 28 and 90 days 
7, 14, 21, 28 and 90 days 
7, 14, 21,28 and 90 days 
7, 14, 21, 28 and 90 days 
7, 14, 21, 28 and 90 days 
7, 14, 21, 28 and 90 days 
7, 14, 21, 28 and 90 days 
7, 14, 21, 28 and 90 days 
7, 14, 21, 28 and 90 days 
7, 14, 21, 28 and 90 days 
7, 14, 21, 28 and 90 days 
7, 14, 21, 28 and 90 days 
7, 14, 21, 28 and 90 days 
7, 14, 21, 28 and 90 days 
7, 14, 21, 28 and 90 days 
7, 14, 21, 28 and 90 days 
7, 14, 21, 28 and 90 days 
7, 14, 21, 28 and 90 days 
7, 14, 21, 28 and 90 days 
7, 14, 21, 28 and 90 days 
7, 14, 21, 28 and 90 days 
7, 14, 21, 28 and 90 days 
7, 14, 21, 28 and 90 days 
7, 14, 21, 28 and 90 days 
7, 14, 21, 28 and 90 days 
7, 14,21, 28 and 90 days 
7, 14, 21, 28 and 90 days 
TCLP 
(Leaching Test) 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
28-365 days with 
a step of 1 month 
28-365 days with 
a step of 1 month 
28-365 days with 
a step of 1 month 
28-365 days with 
a step of 1 month 
28-365 days with 
a step of 1 month 
28-365 days with 
a step of 1 month 
28-365 days with 
a step of 1 month | 
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The sodium sulphide/ferrous sulphate has also been used on an industrial scale 
(Agrawal et al. 2006) for the reduction of Cr (VI) to Cr (III) and precipitation of 
heavy metals such as chromium, nickel, cadmium, copper, and lead from the 
industrial waste water generated during metal processing operations. Chromium (VI) 
could be directly precipitated with lime as insoluble chromate from the solution 
(Agrawal et al. 2006). The process is used on a commercial scale and is used under a 
controlled condition. The waste sludge could be stabilized/immobilized using sodium 
silicate cement or a lime fly ash mixture before disposal (Roy et al. 1992). 
Chemical fixation (stabilization/solidification) of electroplating waste is the 
technology that is adopted in this study using fly ash and cement can be done only 
after getting the waste in the form of metal hydroxide through precipitation 
(Mendonca et al. 2006; Phenrat et al. 2005; Agrawal et al. 2006). Precipitation cannot 
be achieved successfully without prior treatment of cyanide and Cr (VI) present in the 
waste. Hence, the study advances in different steps viz., destruction of cyanide by 
chemical oxidation and Cr (VI) is reduced into Cr (III). In the next step the 
precipitation of electroplating waste is achieved using lime and then the precipitated 
waste sludge was dried and pulverized into powder (Fig. 3.7) and solidified by mixing 
it with fly ash and fly ash-cement. 
The treatment and precipitation of electroplating waste was carried out in the 
following steps: 
3.3.1.1 Analysis of Cyanide 
Cyanide is present in electroplating waste with metal in the form of complex. Metal in 
the form of cyanidic complex cannot be precipitated; therefore, treatment of cyanide 
has to be carried out. 
3.3.1.1.1 Qualitative Analysis 
To check the presence of cyanide the waste sample was tested wath silver nitrate 
solution. Formation of white precipitate confirmed the presence of cyanide due to the 
formation of silver cyanide complex. 
Ag+ + 2CN- c=> Ag (CN)'^ (Complex) 
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3.3.1.1.2 Quantitative Analysis 
To perform quantitative analysis of cyanide titrimetric method was used. Silver nitrate 
is used as reagent and p- methyl-benzal-hydronine as indicator. Principle involved in 
the titration is that cyanide ions present in the waste consume silver ions from silver 
nitrate and forms complexes and when all the Ag"*" is consumed, changing the colour 
will indicate excess Ag . 
3.3.1.1.3 Preparation of Chemicals 
(i) Reagent: Amount of silver nitrate that should be dissolved in distilled water 
will be 1ml of titrant for Img of cyanide present in the waste is calculated. 
This amount is calculated by the stoichiometry in the reaction: 
AgN03 + 2CN- .=> Ag (CN)'^ 
(26) mg CN" = 170 mg of AgN03 
ImgofCN- =3.27mgofAgN03 
1ml of AgN03 should contain 3.27 mg of AgN03 
Hence, weight of AgN03 dissolved in 1 liter distilled water = 3.27 gm 
(ii) Preparation of Indicator: 20 mg of indicator (p-methyl-benzal-hydronine) is 
dissolved in 100 ml acetone, 
(iii) Preparation of Blank: 1.6 gm NaOH is dissolved in 1 liter distilled water. 
3.3.1.1.4 Procedure 
Titration was carried out using micro burette of 10 ml capacity. Waste sludge was 
titrated with silver nitrate solution. End point is indicated by change in colour from 
canary yellow to salmon hue. Blank solution was also titrated. 
3.3.1.1.5 Observation 
Volume of waste taken (Z) = 10ml 
Volume of AgN03 solution required for titration of waste 
(X) =0.17ml 
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Volume of AgN03 solution required for titration of Blank 
{Y) = 0.05ml 
Amount of cyanide in mg/1 in the waste 
= (A'-y)x 1000/Z 
= (0.17-0.05) X 1000/10 = 12mg/l 
3.3.1.1.6 Destruction of Cyanide 
Bleaching powder was used as a source of chlorine for the destruction of cyanide. In 
the first stage of oxidation cyanide is oxidized to cyanate according to the following 
reaction: 
CN- + o c r ^=> CNO- + c r 
OCr required per mole of CN" = 1 mole 
o c r present per mole of Ca (OCl) CI =1 
Mole of bleaching powder required per mole of CN' =1 
26mg = 126 mg of CaOCl^ of CN" 
1 ppm CN" = 4.88 ppm of CaOCl^ 
In the next step less toxic cyanide is oxidized to CO and N 
CNO-+3/2Cl+2NaOH ^=> '/2N2+C02+3NaCl+H^O 
From stoichiometry of reaction, 
26ppm CN" = 3/2x71 (ppm) of Cl^  
I ppm CN" = 4.1 ppm Cl^  
Amount of bleaching powder for second stage of oxidation required (assuming 20% 
available chlorine) =4.1/0.2 = 20.48 
Total bleaching powder required = 20.48 + 4.88 
= 25.36 ppm per ppm of CN' 
Amount of NaOH required can be calculated by stoichiometry of overall reaction. 
CN-+4NaOH+5/2Cl ^=> '/2N +C0 +2H O+Cl" 
2 2 2 2 
Amount of NaOH = 4 x 40/26 ppm / ppm CN' 
= 6.15 ppm per ppm CN' 
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Volume of waste taken for treatment = 1 litre 
Amount of cyanide in 1 litre waste sample = 12 mg 
NaOH required =12x6.15 
= 73.8 mg 
Amount of bleaching powder = 25.36 x 12 = 304.32 mg 
Since, the treatment of cyanide is pH dependent so pH was constantly monitored and 
maintained above 10. Thorough stir and shakeup was also provided. 
3.3.1.2 Detoxification of Chromium VI 
In electroplating waste, chromium is present in the form of Cr (VI). Hexavalenl 
chromium is highly toxic and can not be precipitated as hydroxide hence; Cr (VI) was 
reduced to less toxic Cr (III) which can easily be precipitated as hydroxide of 
chromium. In this study of detoxification, sodium thiosulphate was used as reducing 
agent for the reduction of Cr (VI) to Cr (III). 
Cr^ *^  + Na^S^O^ c=o> Cr^ ^ + Na^S^O^ 
,6 
Amount of sodium thiosulphate required =3.0 ppm / ppm of Cr 
, 6 
Amount of Cr in sample = 630 mg 
Amount of sodium thiosulphate required = 3 x 630 = 1890 mg 
3.3.1.3 Precipitation 
During the precipitation process, the low solubility of heavy metal compounds is 
exploited. These compounds have minimum solubility in the pH range of 8.0-9.5. 
Hence, maximum metal precipitates as their hydroxides in this range of pH. 
Lime i.e., calcium hydroxide was used for precipitation of heavy metals as their 
hydroxides. Reactions involved were as follows: 
Cr +3/2Ca(OH)2 ^ = > CT(OH)^ 
2+ 
Cd +Ca(OH), c=z> Cd(OH) 
2 
2+ 
Cu +Ca(OH) c=c> Cu(OH) 
Pb + Ca (OH) : = > Pb (OH) 
2 
N i % C a ( O H ) , c==> Ni(OH) 
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Zn +Ca(OHX Zn (OH), 
Amount of lime required can be calculated with the help of stoichiometry involved for 
different metal and were given below: 
LR = {ACIA^4) X Concentration of metal 
where, 
LR = Lime Required 
AC= Molecular weight of calcium hydroxide 
AM= Molecular weight of metal 
Lime Required for Ni = (74/58.7) ^ 610 = 768.99 
Lime Required for Cr = 3/2 x (74/52) x 630 = 1341.90 
Similarly, lime for other metals was calculated as given in Table-3.8. Since, the 
solubility of the heavy metals depend upon pH, therefore, during the experiment of 
precipitation pH was constantly monitored and maintained between 8-9. 
Table-3.8 Calculation of Lime Required for Precipitation of Heavy Metals 
Metals 
Nickel 
Chromium 
Zinc 
Cadmium 
Copper 
Lead 
Concentration in 
the Waste Sludge 
(mg/1 or ppm) 
610 
630 
800 
025 
300 
005 
Amount of Lime 
ppm/ppm of 
Metals 
1.26 
2.13 
1.31 
0.658 
1.165 
0.357 
Total Lime Required for Precipitation 
Amount of Lime 
(ppm) 
0768.60 
1341.90 
1048.00 
016.450 
0349.50 
01.7850 
3526.235 
The minimum quantity of lime required to be added to the electroplating waste sludge 
for precipitation was calculated as 3.53 g/1 (3.53% = 4% by weight of waste sludge) 
based on stoichiometric calculations following the "heavy metal fixation point." In 
this study 10% lime was added to precipitate electroplating waste sludge which was 
more than the quantity of lime calculated. Ghosh (1996) has suggested that a lime 
content of 10% is required for the development of substantial strength in case of Class 
F fly ash. According to Kumar et al. (2007) the most significant percentage of lime is 
between 10%-20%. The authors have suggested that addition of lime beyond lime 
fixation point (4%) is mainly utilized for pozzolanic reactions with fly ash, which 
increases the strength of the mix. Kelly et al. (2002) have suggested that the addition 
of 10% lime was expected to largely improve the mechanical properties of fly ash and 
fly ash-cement-waste sludge blend. On the other hand the excess lime added to the 
waste sludge for precipitation reacts with the available alumina or silica from fly ash 
and forms cementitious materials such as calcium silicate hydrates 
(C-S-H) and calcium aluminate hydrates (C-A-H), which contributes the interparticle 
bonding, results in increased strength of the mix. Osinubi and Nwaiwu (2006) and 
Mohamed el al. (2007) have treated acid producing tailings with 5% lime to ensure 
sufficient hydration. Therefore, keeping in view the previous findings, the 
electroplating waste sludge was precipitated with 10% lime in the present study, fhe 
lime precipitated, dried and pulverized waste sludge is shown in Figs. (3.6 and 3.7). 
3.4 RESULTS AND DISCUSSION 
Compressive strengths and leaching of various combinations of the mix as given in 
the Table-3.7 were determined. 
3.4.1 EFFECT OF WASTE SLUDGE AND CURING ON COMPRESSIVE 
STRENGTH OF FLY ASH 
The compressive strength tests of the mix containing varying percentages (by weight 
of fly ash) of electroplating waste sludge (5%, 10%, 15%, 20%, 25%, 30%, 35%. 
40%), 45%), 50%. 55%) and 60%)) and fly ash were carried out and the results are 
shown in Fig. 3.14. It has been observed that the strength of mix is affected by waste 
sludge percentages and curing periods. The gain in the compressive strength has been 
observed on increasing the waste sludge percentage in the fly ash. However, it may 
also be observed that the increase in the compressive strength is obtained upto certain 
percentage of waste sludge in fly ash, thereafter, strength decreases. The increase in 
the strength of the mix upto certain percentage of waste sludge in the fly ash might be 
due to presence of lime used for precipitation as well as presence of metallic dust in 
the waste sludge, which is acting as a reinforcing agent. On the other hand the 
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addition of lime to waste sludge causes two basic sets of reactions (Osinubi and 
Nwaiwu 2006) with fly ash, one being a short-term reaction while the second is a long 
term reaction. The immediate effect of introduction of lime precipitated waste sludge to 
the fly ash is to cause flocculation and agglomeration of the fly ash particles by cation 
exchange at the surface of the fly ash particles. The resuh of this short-term reaction has 
enhanced workability of the mix which provides an immediate reduction in swelling 
and shrinkage. The long-term reactions which were accomplished over a period of time 
for completion of these reactions depending on the rate of chemical breakdown and 
hydration of the silicates and aluminates. This results in the formation of cementitious 
material, which binds the fly ash particles together. However, owing to the flocculation. 
which predominates at the initial stage as a result of the quicker short-term cation 
exchange reaction, the subsequent strength improvement is a result of the long term 
pozzolanic reaction which is enhanced by the hydration of slag. Furthermore, additional 
bonding is provided by compaction as it enhances the close packing between particles, 
mechanical bonding while soaking and curing provides hydraulic and thermal bonding 
effects respectively. However, on addition of waste sludge to fly ash beyond 45% the 
decrease in compressive strength can be observed. On inspection of the surface of the 
cubes, it was observed that the cubes made of higher waste sludge percentage showing 
shrinkage and cracks which might be due to presence of sulphate, chloride and boric 
acid etc., present in the mix. According to IS: 456 (2000) the sulphate is a strength 
retarder, it should be restricted to 0.02% in soil, which is in contact with concrete. 
Generally, it is the sulfates of sodium and magnesium which were considered as the 
active salts for sulfate attack (Neville 1997). Calcium sulfate is also considered as it 
may also exist initially, or formed as the secondary step of the reaction of sodium or 
magnesium sulfate and contributes to the attack. The principal reactions were shown in 
Eqs. 3.1 to 3.3. Magnesium sulfate has a more far reaching action than the other sulfates 
and can additionally decompose the hydrated calcium silicates (Neville 1997 and 
Eglinton 1998) and this is shown by Eq. (3.3). 
Ca(0H)2 + Na2S04/MgS04 x H2O ^ ==> CaS04.2H20+NaOH/Mg(OH)2+H20 (3.1) 
3CaO.Al203.12H20 + Na2S04/MgS04/CaS04. x H2O ^=> . 
3CaO.Ai2O3.3CaSO4.yH2O + H2O + NaOH/Mg(OH)2/Ca(OH)2 (3.2) 
3Ca0.2Si02+MgS04.7H20 c=z> CaS04.2H20 (gypsum) + Mg(0H)2 + Si02 (3.3) 
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Sulfate attack will cause expansion, cracking or spaliing or softening and 
disintegration. The expansion which is as a result of the increase in the solid volume 
is caused by the conversion of calcium hydroxide to gypsum (Eglinton 1998) and then 
also by the conversion of the hydrated calcium aluminate with gypsum to calcium 
sulfoaluminate (Eglinton 1998; Shah and Hookham 1998). The softening and 
disintegration is specifically due to the attack by magnesium sulfate as mentioned 
earlier and leads to strength loss and cracking. 
It is also evident ft-om Fig. 3.14 that the optimum waste sludge percentage is between 
30% to 45%. The maximum compressive strength of mix 55%)FA+45%S at 28 and 90 
days of curing were 21.03 MPa and 23.50 MPa respectively. It is also observed that 
the compressive strength increases with increase in curing, but the significant gain in 
strength can be observed for this combination after 14 days onwards. 
The compressive strengths at 7, 14, 21, 28 and 90 days were 10.25, 18.25. 20.56. 
21.03 and 23.5 MPa respectively. The percent increase in strength at 14 days of 
curing with respect to 7 days is 78%. This indicates that the gain in the strength 
continues with curing but, most of the strengths were achieved at 14 days curing. 
Weng and Huang (1994) have reported similar results (Fig. 3.11). 
According to IS: 3812 (1999) the average compressive strength of fly ash stabilized 
with lime at 28 days should be 4 MPa. Whereas, in this study when fly ash was mixed 
with lime precipitated waste sludge combination 55%iFA+45%S, the compressive 
strength is observed as 21.03 'MPa which is nearly 426% more than the strength 
required by IS: 3812 (1999). 
3.4.2 EFFECT OF CEMENT ON COMPRESSIVE STRENGTH OF FLY ASH 
Cement in varying percentages by weight of fly ash (2%, 4%, 6%), 8%, 10%, 12%, 
14%, 16%, 18% and 20%) was added as an additive to the fly ash. The results are 
presented in Fig. 3.15 show that by increasing the cement percentage, compressive 
strength of fly ash-cement mix also increases but the significant increase in strength 
was observed from 8.2 MPa at 6% cement to 14.5 MPa at 8% cement at 7 days 
curing, while at 20% cement the compressive strength was observed as 22.4 MPa for 
7 days curing. Weng and Huang (1994) reported that on increasing cement percentage 
in fly ash the compressive strength increases (Fig. 3.12). On the other hand the 
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compressive strength for 8% and 20% cement at 28 days of curing has been observed 
as 18 MPa and 27 MPa respectively. Therefore, for economical considerations the 
optimum percentages of cement may be considered as 8% for fiirther studies. 
3.4.3 COMBINED EFFECT OF WASTE SLUDGE AND CEMENT ON 
COMPRESSIVE STRENGTH OF FLY ASH 
The compressive strength tests of mix containing varying percentages of 
electroplating waste sludge (5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%. 
50%, 55% and 60%) and cement varying from 2% to 20% with a step of 2% were 
carried out, and the results are plotted in Figs (3.16 to 3.23). From Fig. 3.16 it has 
been observed that for 87%FA+8%C+5%S mix the values of compressive strength 
at 
7, 14, 21, 28 and 90 days of curing are 11.97, 16.5, 17.76, 17.9 and 19.23 MPa 
respectively, which are almost equal to the compressive strength of 92%FA+8%C 
(14.5, 16.2, 17.2, 18.4, 20.53 MPa respectively) and the same trend in compressive 
strength values are found for 90%FA+10%S, 85%FA+15%S, 80%FA+20%S and 
75%FA+25%S mixes (Fig. 3.14). Hence, the data of most significant percentages 
of (30-60%)waste sludge, (62-32%)fly ash and 8%cement are presented and 
discussed here. 
Baig (1997) and Asavapisit and Chotklang (2004) reported that as the waste sludge 
ratio in the solidified mix increases, the compressive strength decreases, while, in 
this study it was observed that the compressive strength increases upto certain 
percentage of lime precipitated waste sludge (30% to 45%) in cement fly ash 
system as shown in Figs. (3.17 to 3.20). The initial gain in the strength is due to 
availability of excess lime in waste sludge for pozzolanic reactions. The decrease 
in the shear strength may be attributed due to the presence of excess amount of 
sulphate and lime added with the waste sludge in the mix, leading to development 
of shrinkage cracks due to formation of ettringite and progressive carbonation 
reaction which eventually leads to depletion of portlandite. Subsequently 
decalcification of C-S-H results in deterioration, in the strength of the mix 
(Kaushik and Kumar 1998; Perera 2005). 
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It has also been observed that the significant gain in strength exhibited for waste 
range 30% to 45%. The percentage increase in 28 days compressive strength for 
mix containing waste sludge 30% and 40%, 62% and 52% fly ash and 8% cement 
is 36% while for 30% and 45% waste sludge, 70% and 55% fly ash and 8% cement 
is 13%, therefore, the optimum percentage of waste sludge may be adopted 
between 30% to 40% in general and 40% in particular. 
It can also be observed that the strength is remarkably increasing with increase in 
curing. For 62%FA+8%C+30%S the percentage increase in the strength at 
7 days to 90 days curing is 28%. For 52%FA+8%C+40%S the increase is 42% and 
47%FA+8%C+45%S it is about 36%. Hence, it may be concluded that the 
optimum waste sludge percentage may be in the range of 30% to 40% and 8% 
cement. 
Weng and Huang (1994) have given a comparison of the 28 days compressive 
strength of fly ash-cement stabilized metal waste sludge, presented in Table-3.9. 
The strength ratios of metal laden fly ash stabilized with cement (0.87-0.92) were 
much higher than that of metal-waste sludge stabilized with cement (0.04). The 
comparison clearly shows that the strength of the cement stabilized metal-laden 
fly ash matrix is superior to that of cement stabilized metal waste sludge. To 
produce more strength of waste sludge-cement binder, additional treatment of the 
waste sludge may be necessary. As it has been observed from the present study, 
when waste sludges was precipitated with 10% lime, the strength ratios were 
found substantially higher than the reference specimen (92%FA+08%C). The mix 
(52%FA+8%C+40%S) gives strength ratio as (2.41) which is much higher than the 
reference specimen (1.0). However, fly ash can be directly used in the cement 
fixation process, does not bind a significant amount of organic matter, and can 
contribute comparable strength to that of cement alone. The findings of the study 
carried out by Sophia and Swaminathan (2005) (Table-3.9 and Fig. 3.13) showed 
that the strength of the mix was decreasing with an increase in the plating waste 
sludge percentage which is in contrast with the present study. However, The 
findings of the present study are similar to the study carried out by Cioffi et al. 
(2002). The author has suggested that when waste sludge was treated with lime its 
strength increases up to certain extent. 
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Table-3.9 28 days Compressive Strength of Various Metal Waste Sludges 
Stabilized by Fly ash and Cement (Weng and Huang 1994) 
Matrix 
Cement (reference specimen) 
Cement+metal+waste sludge 
Cement (reference specimen) 
Cement+10% waste sludge 
Cement (reference specimen) 
Cement+10% Cd laden fly ash 
Cement+ i 0% Zn laden fly ash 
Cement+10% fly ash 
Cement (reference specimen) 
60%S+30%C+10%FA 
60%S+I0%C+30%FA 
70%S+20%C+10%FA 
70%S+]0%C+20%FA 
80%S+10%C+10%FA 
90%S+05%C+05%FA 
92%FA+8%Cement (reference 
specimen) 
70%FA+30%S 
65%FA+35%S 
60%FA+40%S 
55%FA+45%S 
50%FA+50%S 
45%FA+55%S 
40%FA+60%S 
87%FA+8%C+05%S 
62%FA+8%C+30%S 
57%FA+8%C+35%S 
52%FA+8%C+40%S 
47%FA+8%C+45%S 
42%FA+8%C+50%S 
37%FA+8%C+55%S 
32%FA+8%C+60%S 
W 
(C+F)" 
0.50 
0.50 
0.50 
0.50 
0.45 
0.45 
0.45 
0.45 
0.38 
0.38 
0.38 
0.38 
0.38 
0.38 
0.38 
0.65 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.05 
0.42 
0.53 
0.66 
0.81 
1.00 
1.22 
1.50 
Strength 
(MPa) 
35.5 
1.4 
41.1 
41.0 
24.4 
21.3 
21.3 
22.5 
25.0 
06.0 
05.0 
04.0 
03.0 
02.0 
01.0 
18.00 
15.02 
17.25 
18.00 
21.03 
13.70 
12.00 
08.50 
17.90 
31.90 
42.30 
43.40 
36.00 
13.80 
10.87 
08.20 
Strength 
Ratio" 
1.00 
0.04 
1.00 
1.00 
1.00 
0.87 
0.87 
0.92 
1.00 
0.24 
0.20 
0.16 
0.12 
0.08 
0.04 
1.00 
0.83 
0.95 
1.00 
1.17 
0.76 
0.66 
0.47 
0.99 
1.77 
2.35 
2.41 
2.00 
0.76 
0.60 
0.45 
Source 
Claudio and Sobrinho 
(1990)' 
Claudio and Sobrinho 
(1990)*^  
Tay(1987) 
Tay(1987) 
Weng and Huang (1994) 
Weng and Huang (1994) 
Weng and Huang (1994) 
Weng and Huang (1994) 
Sophia and Swaminathan 
(2005) 
Sophia and Swaminathan 
(2005) 
Sophia and Swaminathan 
(2005) 
Sophia and Swaminathan 
(2005) 
Sophia and Swaminathan 
(2005) 
Sophia and Swaminathan 
(2005) 
Sophia and Swaminathan 
(2005) 
Present study 
Present study 
Present study 
Present study 
Present study 
Present study 
Present study 
Present study 
Present study 
Present study 
Present study 
Present study 
Present study 
Present study 
Present study 
Present study 
''Water-to-binder ratio 
^With respect to that of reference specimen 
''Brazil portland cement and cylinder molds 3.3 cm in diameter and ! cm long were used 
Waste Sludges were obtained from electroplating treatment plant 
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3.4.4 SEM AND XRD FOR MICROSTRUCTURAL ANALYSIS OF 
SOLIDIFIED/STABILIZED MIX 
The morphology of the some of selected samples using SEM and XRD are studied. 
The SEM and XRD were carried out at Institute Instrumentation Centre, IIT, Roorkee. 
as per the procedure discussed in Section 3.2.1.2. This section presents the results 
according to the type of hydration by products C-S-H and ettringite. 
3.4.4.1 Calcium Silicate Hydrate (C-S-H) 
Approximately formulated by Eqs. (3.4) and (3.5), the hydration reactions of tricalcium 
silicate and dicalcium silicate (Figs. 3.32 to 3.35), two major components of Portland 
cement and fly ash, were origins of C-S-H. The formula 3CaO-2Si02-3H20 is only an 
approximate description, as the stoichiometry is quite variable. The CaO:Si02 molar 
ratio can vary from 0.8 to 2.0 depending on many factors: age of the paste, temp>erature 
of hydration, and water to cement ratio (Lea 1998). 
2(3CaOSi02)+ 6H2O ^=^ 3Ca0.2Si02 3H2O + 3Ca(OH)2 (3.4) 
tricalcium silicate water C-S-H calcium hydroxide 
2(2CaO Si02) + 4H2O ^=> 3Ca0.2Si02 3H2O + Ca(0H)2 (3.5) 
dicalcium silicate water C-S-H calcium hydroxide 
This hydration by product not only has a direct influence on strength of the solidified 
matrices but also potentially has a hand in waste immobilization. Sorption potential of 
metals on C-S-H is supposed to be controlled by an important characteristic of C-S-H. 
The fact that C-S-H has a very high specific surface area with irregular hydrogen 
bonding can facilitate sorption of both water and other alien ions such as metal ions 
Glasser (1993). The outer surfaces of the C-S-H nanoparticles were made of silicate 
with SiOH surface groups. At high pH (10-13) of the cementitious system, these 
SiOH surface groups react with 0H''°"' of the solution to give negatively charged 
SiO groups (J'osson et al. 2004). In the cementitious system with the presence oi 
Ca^ ,^ the charge reversal of C-S-H is possible. According to the principle of interface 
chemistry as well as the recent literature (J'osson et al. 2004), three assumptions 
proposing a charge reversal could be adapted to describe the sorption of heavy metals 
oxyanion onto C-S-H nanoparticles. The first possibility is the formation of inner-
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sphere complex, where, Ca^ ^ loses some of its hydration water and marks a direct 
ionic bond to the SiO~ surface site as illustrated in Eq. (3.6). Another possibility is the 
formation of a solvent separated ion coordinator as illustrated in Eq. (3.7). 
The last possibility is the overcompensation of SiO~ surface charges by accumulated 
Ca^ ^ counter ions. The amount of accumulated counter ions may over compensate the 
surface charges, and at the larger distance there apparent positive charges were 
supposed to be compensated by a concentration of negatively charged ions in the 
system (J'osson et al. 2004). This is believed to facilitate adsorption of heavy metals 
oxy-anions onto C-S-H surface and increase in the strength can easily be observed 
from Figs 3.17 to 3.20. The SEM (Figs. 3.32 to 3.35) confirms the finding of the 
compressive strength tests and also indicates the cementing mastic formation in the 
mix comprising of 62%-47%FA, 30%-45%S and 8%C. It can also be observed that 
with increase in the waste sludge percentage from (30%-45%) the bonding was also 
increasing and fly ash-waste sludge-cement mix blend forms a non porous monolithic 
matrix. The extent of over compensation depends on the availability of Ca"^ .^ The 
accumulated charges increase with the amount of Ca^ "^  in the system (J"osson ei al. 
2004). 
SiO" • • HOH + HOH- • • Ca^^c=^ SiCa^ + 2H0H (3.6) 
SiO" • HOH + HOH • • Ca^ ^ .=> SiO • • HOH- • - Ca^* + HOH (3.7) 
Although these three assumptions were different from one another, one thing that all 
have in common is the fact that Ca"^ ^ plays a vital role in the charge reversal 
(Phenrat et al. 2005). This is in good agreement with the relationship between surface 
charge and Ca:Si ratio suggested by Glasser (1993). The author revealed that the 
surface charge of C-S-H varies with its composition; Ca rich C-S-H has a positive 
surface charge and tends to sorb anions such as oxyanions in alkaline condition. In 
contrast, as Ca:Si ratio decreases, the positive surface charge gradually lessens, passing 
through zero at a Ca:Si ratio of 1.2 and eventually becoming negative at lower ratios 
results in decrease in strength of the mix blend (Figs 3.21 to 3.23 and 3.36 to 3.38). 
Figures 3.25 to 3.31 show the SEM of 80%FA+20%S, 70%FA+30%S, 65%FA+35%S. 
60%FA+40%S, 92%FA+8%C, 87%FA+8%C+5%S and 72%FA+8%C+20%S. It has 
been observed that the mix containing 80%FA+20%S and 87%FA+8%C+5%S formed 
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poor matrix than the matrix formed by other combinations such as 70%FA+30%S. 
65%FA+35%S and 60%FA+40%S. These are also confirmed by the compressive 
strength tests data. 
3.4.4.2 Ettringite and other Hydrates 
Figures 3.36 to 3.38 illustrate the needle like microstructure of ettringite, a hydration 
by-product of tricalcium aluminate in the presence of sulfate ions as formulated by 
Eq. (3.8). It is well known that this hydration by product can reduce the strength of 
the solidified matrices as in case of (42%FA+8%C+50%S, 37%FA 8%C+55%S and 
32%FA+8%C+60%S). 
3CaOAl203 + 3CaS04 + 32H2O-^Ca6Al2(S04)3(OH),2 26H2O (3.8) 
tricalcium aluminate gypsum water ettringite 
The results of XRD carried out on the specimens (42%FA+8%C+50%S. 
37%FA+8%C+55%S and 32%FA+8%C+60%S) cured at 28 days are reported in 
Fig. 3.39. It shows the presence of the main 4CaO.3Al2O3.SO3 hydration product, that 
6CaO.Al203.3S03.32H20 (ettringite) in the sample containing more than 45% waste 
sludge in the mix. It can also be observed that the peaks of the ettringite were increasing 
with increase in the waste sludge percentage in the mix blend. Due to this reason the 
strength of the mix blend containing more than 45% waste sludge was decreasing 
significantly. Therefore, the SEM and XRD analysis confirms the findings of 
compressive strength tests given in Figs. 3.21 to 3.23. 
3.5 LEACHABILITY 
Toxicity Characteristics Leaching Procedure (TCLP) is the US Environmental 
Protection Agency (US EPA) procedure for assessing the potential for hazardous 
wastes to leach in the ground water from a landfill (US EPA 1992). As described in 
the TCLP procedure, the moulded cubes of 28, 60, 90, 120, 150, 180. 210, 240. 270. 
300, 330 and 365 days of curing periods were crushed to particles less than 1 mm in 
diameter and then blended with a weak acetic acid extraction liquid, in liquid to solid 
weight ratio of 20.T and was agitated in a rotary extractor for a period of 18 hours of 
agitation. The extract was filtered through a certified TCLP 0.7^ borosilicale glass 
fibre filter, and the filterate was analyzed for Ni, Cr, Zn, Cd, Cu and Pb and by using 
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GBC-902 Atomic Absorption Spectrophotometer (AAS). The data of TCLP test tor 
specimens cured at 28 days are presented in Tables-3.10 and 3.11. Figure 3.40 shows 
TCLP results of the mix (52%FA+8%C+40%S) after 28 days of curing. It has been 
observed that the limits of the heavy metals (Ni=1.65, Cr= 0.038, Zn=1.02. Cd=0.009. 
Cu=1.05 and Pb=0.095) present in the leachate of this mix found to be less than the US 
EPA TCLP (1992) regulatory values (3. 5, 1, 5, 5 and 5 respectively), EEC (1991) 
regulatory values (2, 0.5, 10, 0.5. 5 and 5 respectively) and standards set by DIN (1984) 
as (2, 0.5, 10, 0.5, 10, 2 respectively). 
On comparing the experimental results of leaching with US EPA (1992), European 
Economic Community EEC (1991) and DIN (1984), it is found that the heavy 
metals in the waste sludge have been completely stabilized by fly ash-cement 
system. The average data of TCLP test were also presented in Table-3.11 for 
different mixes at various days of curing. From Table-3.11 it can be observed that 
the leaching of heavy metals in the mixes exhibiting decreasing trend with increase 
in curing period. Hence, the present stabilization process has great potential in 
retaining heavy metals and thereby, reducing the chances of contaminating ground 
water when used for geotechnical applications. The order of metal retention was 
greater in cement-fly ash matrix than the cement system alone. The reason could be 
that, the fly ash acts both as a fine aggregate and as a cementitous component 
enhancing the binding process. Chang et al. (1999); Sophia and Swaminathan 
(2005) have reported similar results. Hence, from present study it can be concluded 
that the higher percentages of fly ash in the mix restricts the mobilization of heavy 
metals. 
The effect of pH on leaching of heavy metals (Ni, Cr, Zn, Cd, Cu and Pb) has been 
presented in Table-3.10. It is observed that the pH of the leachate is between 6.9-
10.9. Which is in the conformity to the values suggested by Sophia and 
Swaminathan (2005); US EPA (1992); EEC (1991); DIN (1984) for stabilization of 
heavy metals, higher pH conditions were preferred as most of the metal hydroxides 
have minimum solubility in pH range between 4-13. The reduction in leachability 
was related to combined effect of micro encapsulation and chemical fixation. 
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Table-3.10 Results of Metal Leaching Test by TCLP method at 28 days 
of Curing 
Composition of 
Mix 
62%FA+8%C+30%S 
57%FA+8%C+35%S 
52%FA+8%C+40%S 
47%FA+8%C+45%S 
42%FA+8%C+50%S 
37%FA+8%C+55%S 
32%FA+8%C+60%S 
Thresholds' 
Thresholds" 
Thresholds'^ 
Leachate 
pH 
8.2 
7.7 
9.6 
10.9 
8.3 
7.1 
6.9 
4-13 
7-11 
4-13 
Concentration of Heavy Metal 
(ppm) 
Ni 
1.89 
1.73 
1.65 
0.24 
0.41 
1.34 
1.93 
0.4-2 
<3 
0.4-2.0 
Cr 
0.530 
0.080 
0.038 
0.09 
0.08 
0.210 
0.08 
0.1-0.5 
<5 
0.1-0.5 
Zn 
2.1 
1.35 
1.02 
0.81 
0.18 
0.64 
1.89 
2-10 
<5 
2-10 
Cd 
0.06 
0.04 
0.009 
0.05 
0.05 
"0.002 
0.002 
0.1-0.5 
<1 
0.1-0.5 
Cu 
3.31 
1.26 
1.05 
0.98 
0.03 
0.06 
0.09 
2-10 
<5 
2-10 
Pb 
0.11 
0.38 
0.095 
0.27 
0.16 
0.21 
0.19 
0.4-2 
<5 
0.4-2.0 
'Standards for the landfill of waste (EEC 1991) 
''Standards for the landfill of waste (US EPA 1992) 
''German standard procedure for water, wastewater and sediment testing (DIN 38414-S4 984) 
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3.6 CONCLUDING REMARKS 
The laboratory investigations lead to the conclusion that the electroplating waste and 
fly ash (the waste product of thermal power plants), which creates enormous problems 
of dumping and disposal can be well utilized as construction material. Therefore, this 
study paves the way for carry out further investigations viz., compaction, shear 
strength, California bearing ratio, plate load test etc., on the optimized mix comprising 
of 8% cement, 30%-45% electroplating waste sludge and 47%-62% fly ash. On the 
basis of the present study, the following conclusions were drawn: 
(i) The present stabilization process is very effective in controlling environmental 
pollution, because the heavy toxic metals were completely immobilized without 
any adverse impact on the environment. This study also encourages the mass 
scale utilization of fly ash and electroplating waste sludge for geotechnical 
applications. 
(ii) The maximum compressive strength values were obtained for 60% to 55% 
fly ash, 30% to 45% waste sludge and 8% cement composition. The average 
compressive strength for the above range of mix is 38.4 MPa at 28 days curing 
period. 
(iii) In terms of economy and moderate strength the 55%FA+45%S mix proves to be 
the best combination to have 21.03 MPa and 23.5 MPa compressive strengths at 
28 and 90 days curing cycles respectively. Hence, the optimum percentages of 
fly ash and waste sludge were 55% and 45% respectively. 
(iv) As curing time increases, the compressive strength also increases, which shows 
that the mix is strong and durable. The significant increase in compressive 
strength is observed between 14 to 28 days of curing periods. However, on 
increasing the curing time up to 90 days, the mix not only maintains its strength 
but also the enhancement in strength continues. 
(v) The pH values of the mixes were also found in the range of 6.9-10.9 at which 
the solubility of heavy metals is minimum. 
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(vi) On analyzing the mix by atomic absorption spectrophotometer (AAS), it has 
been observed that the concentration of heavy metals in the leachate is 
drastically reduced. This process is so effective that it immobilizes 97% to 100% 
heavy metals in the leachate. 
(vii) It is also observed that the quantity of waste sludge could be added maximum 
upto 45% in the fly ash. The addition of waste sludge beyond 45% decreased the 
strength of the mix due to development of shrinkage cracks. 
(viii) On the basis of this study the waste sludge has been stabilized and characterized 
by using fly ash and cement properly. Hence, this study paves the way for 
utilizing these wastes in various geotechnical applications as the fly ash-cemenl-
waste sludge blend have been passed through the standards set by US EPA 
(1992) and other agencies. 
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Fig. 3.1: Grain Size Distribution Curve of Harduaganj Fly ash 
Fig, 3.2: Scanning Electron Micrograph of Fig. 3.3: Scanning Electron Micrograph of 
Fly ash Lime Precipitated Electroplating 
Waste Sludge 
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Fig. 3.4: XRD Pattern of Fly ash 
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Fig. 3.5: Mixed Electroplating Waste Sludge before Treatment 
and Precipitation (Collected from Source) 
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Fig. 3.6: Dried Electroplating Waste Sludge after Treatment 
and Precipitation 
Fig. 3.7: Dried and Pulverized Electroplating Waste Sludge after 
Treatment and Precipitation 
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Fig. 3.8: Curing of Cubes in a Thermostatically Temperature Controlled 
Curing Tank 
Fig. 3.9: Thermostatically Temperature Controlled Curing Tank used for 
Curing of Cubes 
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Fig. 3.10: Cube Strength Test in Progress 
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Fig. 3.11: Compressive Strengths of Mortar at Different Water to Binder 
Ratios for 20% Fly ash in Cement (Weng and Huang 1994) 
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Fig. 3.13: Compressive Strength as a Function of Waste/Binder Ratio 
for Cement-Fly ash Stabilized Blocks on the 28"" days of 
Curing (Sophia and Swaminathan 2005) 
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Fig. 3.14: Effect of Waste Sludge and Curing on Compressive Strength 
of Fly ash 
Fig. 3.15: Effect of Cement and Curing on Compressive Strength of 
Fly ash 
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Fig. 3.16: Effect of Cement and Curing on Compressive Strength 
of 93%-75%FA-H)5%S Mix 
Cement (%) 
Fig, 3.17: Effect of Cement and Curing on Compressive Strength 
of 68%-50%FA+30%S Mix 
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Fig. 3.18: Effect of Cement and Curing on Compressive Strength 
of 63%-45%FA+35%S Mix 
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Fig. 3.19: Effect of Cement and Curing on Compressive Strength 
of 58%-40%FA+40%S Mix 
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Fig. 3.20: Effect of Cement and Curing on Compressive Strength 
of 53%-35%FA+45%S Mix 
Fig. 3,21: Effect of Cement and Curing on Compressive Strength 
of 48%-30%FA+50%S Mix 
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Fig. 3.22: Effect of Cement and Curing on Compressive Strength 
of 43%-25%FA+55%S Mix 
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Fig. 3.23: Effect of Cement and Curing on Compressive Strength 
of 38%-20%FA+60%S Mix 
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Fig. 3.24: Effect of Curing on Compressive Strength of Fly ash-Cement-
Waste Sludge Mix 
Fig. 3.25: Scanning Electron Micrograph of Fig. 3.26: Scanning Electron IMicrograph of 
80%FA+20%S 70%FA+30%S 
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3.27: Scanning Electron Micrograph of 
65%FA+35%S 
Fig. 3.28: Scanning Electron Micrograph of 
60%FA+40%S 
Fig. 3.29: Scanning Electron Micrograph of 
92%FA+8%C 
Fig. 3.30: Scanning Electron Micrograph of 
87%FA+8%C+5%S 
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3.31: Scanning Electron Micrograph of 
72%FA+8%C+20%S 
Fig. 3.32: Scanning Electron Micrograph of 
62%FA+8%C+30%S 
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Fig. 3.33: Scanning Electron Micrograph of 
57%FA+8%C+35%S 
Fig. 3.34: Scanning Electron Micrograph of 
52% FA+8%C+40%S 
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Fig. 3.35: Scanning Electron Micrograph of 
47%FA+8%C+45%S 
Fig. 3.36: Scanning Electron Micrograph of 
42% FA+8%C+50%S 
Fig. 3.37: Scanning Electron Micrograph of 
37%FA+8%C+55%S 
Fig. 3.38: Scanning Electron Micrograph of 
32%FA+8%C+60%S 
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Fig. 3.39 XRD Pattern of Fly ash-Cement-Waste Sludge Mix at 
28 days of Curing 
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Fig. 3.40: Leaching of Heavy Metals from 52%FA+8%C+40%S Mix 
after 28 days of Curing 
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Chapter-4 
COMPACTION PROPERTIES OF FLY ASH AND 
FLY ASH-WASTE SLUDGE MIX 
4.1 GENERAL 
This study aims at to utilize the two stabilized industrial wastes like fly ash and 
electroplating waste sludge in various geotechnical and highway applications such 
as filling of embankments, construction of highways, replacement of poor soil etc. 
The stabilization of electroplating waste sludge with fly ash and cement has already 
been carried out and discussed in Chapter-3. Several studies on the solidification of 
metals in synthetic waste were reported but the data on applications of stabilized 
industrial waste sludges are very few, such as (Al-Amoudi 2002; Quiroz and 
Zimmie 1998; Humphrey et al. 1998; Senadheera et al. 1998; Meegoda et al. 1998; 
Osinubi and Nwaiwu 2006; Ghosh and Subbarao 2007). However, it is need of hour 
to carry out detailed investigations to assess the performance of stabilized mix 
comprising of fly ash and electroplating waste sludge for geotechnical and highway 
engineering applications. 
The performance of these mixes depends upon the compaction or densification of 
the fill. Proper compaction is therefore, critical to the performance of fly ash and fly 
ash-waste sludge fills. The maximum dry density (MDD) and optimum moisture 
content (OMC) obtained by Proctor compaction test becomes the benchmark for 
determining the quality of compaction. The dry density of fill is of primary 
importance, since it is the major determinant of strength and compressibility of the 
fills (Clark and Coombs 1996). 
In an endeavor to design and construct safe, economical fills and embankments, it is 
important to determine the peculiar engineering properties of fly ash and fly ash-
waste sludge blend (without cement) and their wide variafions. The engineering 
properties and characteristics of fly ash are varying widely because they depend 
upon origin, type of coal, combustion process and collection methods. Significant 
variation in maximum dry density and optimum moisture content for different 
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samples from the same source has been reported (Raymond 1961; Toth et al. 1988; 
Martin et al. 1990; Clarke and Coombs 1996). Raza et al. (1999) reported dry density 
and moisture content relationship for pond ash obtained from Harduaganj Thermal 
Power Plant, India, showing variation of dry density values for the same moisture 
content (Fig. 4.1). Figure 4.1 shows the comparison of fly ash and pond ash obtained 
from Harduaganj Thermal Power Plant, Aligarh. It can also be observed that the 
fly ash used in the present study possessing higher MDD and lower value of OMC as 
compared to pond ash, therefore, the finding is in line with other studies conducted on 
an Indian fly ash and pond ashes (Sridharan et al. 1998; Kaushik 2000; Dayal and 
Sinha 1999; Pathak et al. 1999). 
In addition to the above kind of variations observed in compaction properties the 
present study has also been undertaken the compaction behaviour of mix containing 
fly ash-waste sludge. 
4.2 STUDIES ON FACTORS AFFECTING COMPACTION 
PROPERTIES O F FLY ASH AND FLY ASH-WASTE 
SLUDGE BLEND 
Studies on compaction properties of soils and fly ash reported in the literature 
(Section 2.2.2) suggest that factors like (i) use of fresh / remolded samples for each 
compaction moisture content and (ii) preconditioning period can affect the value of 
MDD and OMC. However, the literature is not available on the compaction behaviour 
of mix containing fly ash-waste sludge blend. Therefore, the results of the 
compaction tests for the mixes containing fly ash-waste sludge obtained from the 
present investigations have been compared with the compaction properties of plain 
fly ash. 
4.2.1 USE OF FRESH AND REMOLDED SAMPLES 
Leonards and Bailey (1982) reported that the values of MDD and OMC of fly ash 
obtained from modified Proctor test differed significantly when (i) the same sample 
was remolded and reused, and (ii) fresh samples are used for each test point of the 
compaction curve (Fig. 4.2). It was observed that the value of MDD is lower and 
OMC is higher for fresh samples than for remolded samples. This deference was 
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believed to be the result of material degradation, which occurred during compaction 
process. Ramasamy and Pusadkar (2004) have conducted the standard and modified 
Proctor tests on Dadri fly ash (Figs. 4.3 and 4.4) and reported that use of remolded 
sample increases the value of MDD and decreases the value of OMC. This may be 
attributed to crushing of fly ash grains due to repeated compaction of the same 
sample. 
4.2.2 PRECONDITIONING PERIOD 
Preconditioning period is the lime interval between wetting and compaction. This 
preconditioning period is supposed to ensure a uniform moisture distribution 
throughout the sample. The preconditioning period adopted by various investigators 
differed widely. 
Indraratna et al. (1991) reported preconditioning period as 8-10 hours. Boominathan 
and Rathna (1996) carried out standard Proctor test with 24 hours as preconditioning 
period. Kolay and Singh (2001) carried out Proctor test with preconditioning period as 
3 days. 
ASTM E 1861 (1997) suggests that fly ash can be placed and compacted in a manner 
similar to non cohesive fine grained soils and should be compacted immediately after 
wetting. However, for dry self-hardening fly ash, it is suggested that the time interval 
between wetting and compaction in the laboratory should be similar to that anticipated 
during construction to account for the influence of the rate of hydration on 
compaction characteristics. 
Sivapulliah et al. (1998) studied the effect of preconditioning period on compaction 
properties of fly ash. It has been shown that the delay in compaction characteristics of 
reactive fly ash (containing high free lime and reactive silica), but no significant effect 
on non reactive ash like Vijayawada pond ash having CaO as 3.03% (Fig. 4.5). Delay 
in compaction reduces dry density, increases optimum moisture content and makes 
the compaction curve flatter as shown in Fig. 4.5 for Neyveli fly ash (Neyveli fly ash 
contains 9% Cao and 50.4% Silica) containing significant amount of free lime 
(3.92%) and reactive silica (5.6%). 
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Ramasamy and Pusadkar (2004) have conducted standard and modified Proctor 
tests on Dadri fly ash and bottom ash with preconditioning period as 0 hr, 1 hr and 
16 hr (Figs. 4.6 and 4.7). The results show that MDD value is affected due to 
varying preconditioning period. The study reveals that the values of MDD were 
increasing upto 1 hr preconditioning period while at 16 hr the value of MDD 
decreases. The reported change may be due to formation of clods by cementitious 
compound produced during delay period. 
The above literature suggests that the use of fresh/remolded samples for each 
compaction and preconditioning period can make significant difference in the 
MDD and OMC values. However, no uniform procedure appears to have been 
adopted in practice. Therefore, an attempt has been made to investigate the effect 
of these parameters on MDD and OMC of Harduaganj fly ash and fly ash mixed 
with waste sludge. 
4.2.3 USE OF ELECTROPLATING WASTE SLUDGE WITH FLY ASH 
With the aim to utilize the fly ash and electroplating waste sludge for highway and 
geotechnical applications, the study of compaction behaviour of fly ash and 
fly ash-waste sludge blend becomes imperative. The waste sludge was added to 
fly ash in 5%, 10%. 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55% and 60% 
by weight of fly ash. The studies were carried out for all combinations of fly ash-
waste sludge blend. However, on the basis of compressive strength and leaching 
tests of mix (Chapater-3), the effective percentages of waste sludge were found 
between 30%-45% by weight of fly ash. Therefore, for practical consideration the 
results of 70%-55% fly ash and 30%-45% electroplating waste sludge have been 
discussed in this study. 
4.3 TEST MATERIALS 
The properties of the materials used in diis study are given in the following sections: 
4.3.1 FLY ASH 
The fly ash used in this study was procured from Harduaganj Thermal Power Plant, 
Aligarh (India).The physical and chemical properties of fly ash are determined as per IS: 
16 
2720 (Part 4-1985), IS: 1498-1987, IS: 2720 (Part 3/Sec. 1-1980) and ASTM C 618-03. 
The physical and chemical properties of fly ash have already been given in Chapter-3, 
Section 3.2.1. 
4.3.2 ELECTROPLATING WASTE SLUDGE 
Electroplating waste sludge was collected in the form of filter cake from one of the 
electroplating industries in Aligarh (India), in which Nickel, Chromium, Zinc and 
Cadmium plating has been done, associated mostly of lock and other allied industries. 
The waste sludge was obtained by filtration process (waste sludge passing through 
screen) of the electroplating water. By oven drying method it was found that the filtrate 
consists of 30% wastewater and 70% solid waste. Heavy metal analysis was carried out 
using GBC-902 Atomic Absorption Spectrophotometer (AAS). The physical and 
chemical compositions of electroplating waste sludge and its treatment have already been 
mentioned in Chapter-3, Section 3.2.2. 
4.3.3 LIME 
The finely powered white coloured lime was used as precipitator. The chemical 
composition of lime was given in Chapter-3, Section 3.2.3. 
4.4 PREPARATION AND TESTING OF SPECIMENS 
A known quantity of fly ash and fly ash-waste sludge mix was taken and water equal to a 
desired percentage of moisture content was added. The material was thoroughly mixed to 
achieve uniform mixing of water. The wet mix was then placed in polythene bags. 
Samples for test were taken from these bags after allowing for the intended 
preconditioning periods. The samples were again thoroughly mixed before compacting in 
the mould. 
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Table-4.1 Details of Test Conditions 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
Mix 
Fly ash 
70%FA+30%S 
65%FA+35%S 
60%FA+40%S 
55%FA+45%S 
50%FA+50%S 
Standard Proctor Tests 
Preconditioning 
Period 
0, 1, 16,24hr 
0, 1, 16, 24hr 
0, 1, 16,24hr 
0, 1, 16,24hr 
0, 1, 16,24hr 
0, 1, 16,24hr 
Fresh/ 
Remolded 
Both 
Both 
Both 
Both 
Both 
Both 
Modified Proctor Tests 
Preconditioning 
Period 
0, 1, 16,24hr 
0, 1, 16,24hr 
0, 1, 16,24hr 
0, I, 16,24hr 
0, 1, 16,24hr 
0, l ,16,24hr 
Fresh/ 
Remolded 
Both 
Both 
Both 
Both 
Both 
Both 
4.5 TEST PROCEDURE 
Proctor tests were carried out using the equipment and procedure as specified in IS: 2720 
(Part 7-1987) for standard Proctor test and IS: 2720 (Part 8-1983) for modified Proctor 
test (equivalent to ASTM D 698-2000a and ASTM D 1557-2000 respectively). Keeping 
the following as variable parameters (i) Fresh/Remolded samples for each test and 
(ii) Preconditioning period as 0, 1, 16 and 24 hours. The test matrix for this study is given 
in Table-4.1. Fresh sample means, for each moisture content, fi^esh sample is used while 
remolded sample means die same sample is used repeatedly for compaction with different 
moisture contents. Three replicate tests were carried out for each condition. 
4.6 RESULTS AND DISCUSSION 
The resuh of Proctor tests conducted on fly ash and fly ash-waste sludge blend are 
presented and discussed to bring out the eflFect of various factore on compaction 
parameters. 
4.6.1 EFFECT OF USING FRESH AND REMOLDED SAMPLES 
While carrying out compaction test, two practices are generally followed; (i) fresh samples 
are used for compaction at every moisture content (ii) the same sample is repeatedly used 
(remolded) for compaction at different moisture contents. Some typical results of standard 
and modified Proctor compaction tests obtained for fly ash and fly ash-waste sludge blend 
adopting the above two practices are presented in Figs. (4.9 to 4.28). The MDD and OMC 
values obtained as an average of three replicate tests are presented in Table-4.2. 
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Tabl^^.2 Effect of Fresh/Remolded Samples on MDD and OMC 
Proctor Test 
Fly ash (FA) 
Standard 
Modified 
70%FA+30%S 
Standard 
Modified 
65%FA+35%S 
Standard 
Modified 
60%FA+40%S 
Standard 
Modified 
55%FA+45%S 
Standard 
Modified 
50%FA+50%S 
Standard 
Modified 
Fresh Sample 
MDD 
(kN/m^) 
09.30 
10.80 
11.50 
12.50 
12.06 
12.90 
12.40 
13.50 
13.00 
14.85 
12.65 
13.20 
OMC 
(%) 
27.5 
26.5 
27.0 
25.0 
26.5 
24.0 
23.0 
24.2 
24.5 
23.0 
25.0 
24.0 
Remolded Sample 
MDD 
(kN/m^ 
OMC 
(%) 
10.20 
11.80 
26.50 
23.90 
11.90 
13.80 
26.00 
21,00 
13.20 
15.30 
24.80 
23.60 
13.40 
15.80 
22.00 
24.00 
13.10 
16.10 
24.00 
23.00 
13.00 
13.80 
23.50 
22.00 
The results show that the use of remolded sample increases the value of MDD and 
decreases the value of OMC for fly ash and fly ash-waste sludge blend. This may be 
attributed to crushing of ash grains due to repeated compaction of the sample as well 
as enhanced lubrication mechanism due to uniform distribution of moisture in the 
fly ash-waste sludge blend. It may also be observed that the increase in the MDD of 
remolded samples of fly ash-waste sludge blend is more significant than fly ash. 
The percent increase in MDD values of remolded samples with respect to fresh 
samples are 9.67% for fly ash, 3.47% for 70%FA+30%S and 8%, 9.4%, 1.0% & 
2.76% for 65%FA+35%S, 60%FA+40%S, 55%FA+45%S and 50%FA+50%S 
mixes respectively. This indicates that the delay in mixing and laying of the mix at 
site may not cause decrease in the MDD values. However, the use of fresh samples 
would simulate the field condition more closely, the procedure of using fresh 
samples may be adopted for carrying out compaction tests on fly ash, 
fly ash-waste sludge blend. 
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4.6.2 INFLUENCE OF PRECONDITIONING PERIOD 
Compaction tests (standard and modified Proctor) on fly ash and fly ash-waste sludge 
samples with preconditioning period as 0 hr, 1 hr, 16 hr and 24 hr, were carried out as 
explain in test procedure/section 4.5. Figures 4.29 to 4.30, show some typical results. 
The MDD and OMC values obtained with different preconditioning period are also 
presented in Table-4.3. These results are the average of three replicate tests. The 
results show that MDD value is affected due to varying preconditioning period. 
Sivapulliah et al. (1998) have reported that MDD value significantly affected in case 
of Neyveli fly ash (CaO-9.0%) and only marginally affected in case of Vijayawada 
pond ash (CaO-3.03%) due the effect of preconditioning period. When compared 
with the MDD values corresponding to 0 hr preconditioning period, the Neyveli 
fly ash exhibited a variation of the order of 15%, the Vijayawada pond ash 0.3%. 
Dadri fly ash 5% due to longer preconditioning period and Harduaganj fly ash 5.3% 
due to longer preconditioning period. The values of MDD of fly ash obtained in the 
present study show similar trend upto 0 hr as reported by Ramasamy and Pusadkar 
(2004) for both standard and modified tests. However, for fly ash-waste sludge mix 
the MDD values are increasing upto preconditioning period of 16 hr, afterwords it 
decreases at preconditioning period of 24 hr. The increase in MDD values for blend 
upto 16 hr might be due to uniform distribution of moisture in the mix leading to the 
enhanced lubrication mechanism results in increase in MDD values. As shown in 
Figs. 4.29 and 4.30, the percentage increase in the value of MDD of fly ash-waste 
sludge blend for 16 hr of preconditioning period with respect to 0 hr for standard test 
are 8.6% for 70%FA+30%S and 24.3%, 12.9%, 16.2% and 4.3% for 65%FA+35%S. 
60%FA+40%S, 55%FA+45%S and 50%FA+50%S respectively. In case of modified 
test the percentage increase in the value of MDD of fly ash-waste sludge blend for 
16 hr of preconditioning period with respect to 0 hr are 5.6%) for 70%)FA+30%)S and 
7.7%, 3.8%, 9.0% & 0.0% for 65%FA+35%S, 60%>FA+40%S, 55%FA+45%S and 
50%)FA+40%)S mixes respectively. In both test conditions (standard and modified) the 
most significant mix is found 55%)FA+45%)S (Figs. 4.11 and 4.12) whereas, the MDD 
values of mix 50%)FA+50%)S have not been increased significantly with increase in 
preconditioning period. The finding indicates that due to carbonation reaction, the mix 
50%)FA+50%)S becomes porous results in decrease in MDD values. 
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4.6.3 INFLUENCE OF COMPACTIVE EFFORTS 
Most of the engineering properties of fly ash and fly ash-waste sludge mix are 
dependent on the moisture density relationship. Therefore, in order to achieve the 
desired degree of relative compaction necessary to meet specified or desired 
properties of fly and fly ash-waste sludge blend, it is important to pay attention to the 
compaction procedure. 
Standard and modified Proctor compaction tests were conducted on fly ash and 
fly ash-waste sludge blend to study the effect of compaction energy. Typical 
compaction curves of these tests are shown in Figs. 4.9 to 4.12. The increase in 
compaction effort has resulted in 16.12% increase in MDD and 4% decrease in OMC 
of fresh fly ash and increase in 15.68% MDD and 9.8% decrease in OMC of remolded 
fly ash. While in case of fresh and remolded samples of fly ash-waste sludge blend 
the most significant mix was found to be 55%FA+45%S. As shown in Tables-4.4 and 
4.5 the percent increase in MDD is 14.23% and 6.5% decrease in OMC for fresh 
sample and for remolded sample 22.90% increase in MDD and 4.10% decrease in 
OMC was observed for this mix. 
A compilation of few reported data pertaining to soils and coal ash on the effect of 
compaction energy on MDD and OMC values are presented in Tabled.6. The data 
presented in Table-4.6 show that the results of the present investigations on 
Harduaganj fly ash and fly ash-waste sludge mixes are in conformity with those 
observed for soils and fly ashes obtained from other sources. 
Table-4.4 Results of Standard and Modified Proctor Tests (Fresh Sample) 
Mix 
Fly ash 
70%FA+30%S 
65%FA+35%S 
60%FA+40%S 
55%FA+45%S 
50%FA+50%S 
Compaction Parameters 
Standard 
Proctor 
MDD 
(kN/m^ 
09.30 
11.50 
12.06 
12.40 
13.00 
12.65 
Modified 
Proctor 
MDD 
(kN/m^) 
10.80 
12.50 
12.90 
13.50 
14.85 
13.20 
% 
Variation 
w.r.t. 
Standard 
16.12 
09.00 
07.00 
08.80 
14.23 
04.30 
Standard 
Proctor 
OMC 
(%) 
27.50 
27.00 
26.50 
23.00 
24.50 
25.00 
Modified 
Proctor 
OMC 
(%) 
26.50 
25.00 
24.00 
24.20 
23.00 
24.00 
% 
Variation 
w.r.t. 
Standard 
-04.00 
-07.40 
-9.40 
-05.20 
-06.50 
-04.00 
122 
Table-4.5 Results of Standard and Modified Proctor Tests (Remolded Sample) 
Mix 
Fly ash 
70%FA+30%S 
65%FA+35%S 
60%FA+40%S 
55%FA+45%S 
50%FA+50%S 
Compaction Parameters 
Standard 
Proctor 
MDD 
(kN/m^ 
10.20 
11.90 
13.20 
13.40 
13.10 
13.00 
Modified 
Proctor 
MDD 
(kN/m^ 
11.80 
13.80 
15.30 
15.80 
16.10 
13.80 
% 
Variation 
w.r.t. 
Standard 
15.68 
15.96 
15.90 
17.91 
22.90 
06.15 
Standard 
Proctor 
OMC 
(%) 
26.50 
26.00 
24.80 
22.00 
24.00 
23.50 
Modified 
Proctor 
OMC 
(%) 
23.90 
21.00 
23.60 
24.00 
23.00 
22.00 
% 
Variation 
w.r.t. 
Standard 
-09.80 
-19.23 
-05.00 
-09.00 
-04.10 
-06.30 
Table-4.6 Thie Influence of Compactive Effort on the MDD and OMC of Soil 
and Fly ash 
Type of Soil/Ash 
Tothe/a£(1988) 
Heavy Clay 
Silty Clay 
Sandy Clay 
Sand 
Gravel-sand-clay mix 
Fly ash (Lambton G.S) 
Bottom Ash (Lambton 
G.S) 
Bottom Ash 
(Lakeview G.S) 
Martin etal (1990) 
Bottom Ash 
Santayana and Mazo ( 
Fly ash (Los Barrios 
CCS) 
Fly ash (Los Barrios 
CCE) 
Fly ash (Los Barrios 
CM) 
FJy ash (Puertollano) 
Fjy ash (Lada CCF) 
Fly ash (Lada CCF) 
Ramasamy and Pusa« 
Dadri Fly ash 
Dadri Bottom ash 
Standard 
Proctor 
15.84 
16.98 
18.78 
19.76 
21.07 
11.69 
10.24 
13.00 
10.50 
1994) 
10.90 
12.80 
12.50 
12.50 
12.00 
15.00 
ikar (2004) 
12.96 
08.84 
MDD 
(kN/m^ 
Modified 
Proctor 
19.10 
19.76 
20.90 
21.22 
22.37 
12.64 
16.31 
16.32 
11.60 
11.80 
13.70 
13.60 
13.10 
12.50 
15.30 
13.85 
10.31 
% 
Variation 
w.r.t. 
Standard 
20.58 
16.37 
11.29 
07.39 
06.17 
08.13 
59.28 
25.54 
8.57 
8.26 
7.03 
8.80 
4.80 
4.17 
2.10 
06.86 
16.63 
Standard 
Proctor 
28.00 
21.00 
14.00 
11.00 
09.00 
36.00 
28.00 
29.00 
28.00 
38.00 
27.00 
27.50 
22.00 
27.70 
17.50 
19.63 
47.17 
• 
OMC 
(%) 
Modified 
Proctor 
18.00 
12.00 
11.00 
09.00 
08.00 
26.00 
17.00 
18.00 
25.00 
32.00 
22.00 
22.50 
19.30 
24.10 
17.40 
18.47 
35.07 
% 
Variation 
w.r.t. 
Standard 
-35.7! 
^2.85 
-21.43 
-18.18 
- i l . i l 
-27.77 
-39.29 
-37.23 
- l i .40 
-15.78 
-18.52 
-18.18 
-12.27 
-13.00 
-00.60 
-05 91 
-25.65 
123 
4.6.4 INFLUENCE OF WASTE SLUDGE 
The results of standard and modified Proctor compaction tests on fly ash-waste 
sludge mix are shown in Figs. 4.13 to 4.28, Figs. 4.31 to 4.32 and Table-4.3. It is 
envisaged that the values of MDD are significantly increasing with addition of waste 
sludge to the fly ash. It may also be observed that the most significant waste sludge 
percentage is between 35% to 45% by weight of fly ash. However, on increasing the 
waste sludge beyond 45%, the maximum dry density of fly ash-waste sludge blend 
decreases and optimum moisture content increases. This may be attributed to the 
presence of excess amount lime in the mix, which reacts quickly wdth the fly ash and 
brings changes in base exchange aggregation and flocculation, resulting in increased 
void ratio of the mix leading to a decreased density of the mix. On the other hand it 
has also been observed that the mix containing high percentage of fly ash may possess 
low value of MDD and high value of OMC. This might be due to the dominance of 
fly ash which is having a relatively low specific gravity results in reduced MDD 
value. The increase in optimum moistufe content can be attributed towards the 
increasing amount of fines which require more water content due to increased surface 
areas. The values of MDD are increasing whereas the OMC values are decreasing 
with increase in preconditioning period from 0-16 hours for all the combinations of 
fly ash-waste sludge blend. On the other hand the value of MDD of fly ash decreases 
after 1 hour of preconditioning period. Therefore, this finding reveals that the delay 
caused due to mixing and laying of the mix at site at least upto 16 hours may not 
cause decrease in the density of the mix blend. 
4.7 EMPIRICAL MODELS FOR MDD AND O M C OF FLY ASH 
AND MIX BLEND 
The strength and deformation characteristics of fly ash are improved by 
compaction. Apparently, both MDD and OMC are the most important parameters 
for field compaction control. From the previous literature and also from the 
present investigations, it is revealed that there is large variation of MDD and OMC 
for fly ash and fly ash-waste sludge samples. For the above mentioned reasons, the 
checking of MDD and OMC in the field is also laborious. For the estimation of 
MDD of fly ash and fly ash-waste sludge, following linear empirical model has 
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been chosen in terms of OMC and specific gravity (G) suggested by Bera ei al. 
(2007) for Dadri pond ash. 
First of all the validity of the present model has been examined by determining the 
MDD and OMC values of the Harduaganj fly ash, then the same may be extended 
for predicting the values for the combinations of fly ash-waste sludge mix blend. 
MDD = 17.4451 (G)-0.1386 (OMC)-22.3595 
The estimated value of MDD from the above Eq. in case of Harduaganj fly ash. 
with G=2.02 and OMC=27.5%, is 9.06 kWm\ which is close to the experimental 
value (9.30 R N W ) . 
The above model has been used to predict the MDD values of the mixes 
containing 70%FA+30%S, 65%FA+35%S, 60%FA+40%S, 55%FA+45%S and 
50%FA+50%S. The computed values of MDD for these mixes are 11.40 kN/m\ 
11.99 kN/m\ 13.00 kN/m\ 13.67 R N W and 13.77 kN/m"' respectively, which are 
appreciably close to the observed values (11.5 kN/m\ 12.06 kN/m\ 12.4 kN/m'. 
13.0 k N W and 12.65 kN/m^) for G values of 2.15, 2.17, 2.20, 2.26 & 2.27 and 
OMC values of 27%, 26.5%, 23%, 24.5% and 25% respectively. The observed and 
computed MDD values of these combinations of mixes are shown in Fig. 4.33. It 
may be observed that almost 100% data are in the range of ± 10% band. Therefore, 
it may be concluded that the Eq. suggested by Bera et al. (2007) can be used for 
determining MDD values of Harduaganj fly ash within the accuracy of ± 2.5%. 
MDD values for other combinations of fly ash-waste sludge mixes can also be 
computed using this Eq. in the range of accuracy ± 10% as well. This Eq. is also 
useful for field engineers to check the value of reported MDD of fly ash for the 
given values of OMC and G. 
4.8 CONCLUDING REMARKS 
Based on the above investigations, the following inferences are drawn: 
(i) Maximum dry density (MDD) and optimum moisture content (OMC) values 
of fly ash and fly ash-waste sludge used for structural fill may be taken as the 
average of at least three replicate compaction tests. 
125 
(ii) Fresh sample of fly ash and fly ash-waste sludge for every compaction test 
may be used for determining the compaction properties. However. 
Preconditioning period is found to have influence on the MDD values of 
fly ash and fly ash-waste sludge. Therefore, a period equivalent to the 
expected time interval between wetting and compaction in the field may be 
adopted as preconditioning period for all types of fly ash and fly ash-waste 
sludge mix in the laboratory. 
(iii) In order to achieve good quality structural fills, modified Proctor MDD may 
be adopted as a benchmark value. 
(iv) The mix blend containing fly ash between 55%-65% and waste sludge blend 
between 35%-45% gives good results and may be adopted for geotechnical 
applications. 
(v) Keeping in view the findings of Shah and Ahmad (2008), the fly ash-waste 
sludge should be mixed at least with 8% cement for achieving adequate 
compressive strength and minimized leaching effect. 
(vi) Thus, the outcome of this study will pave the way for utilizing these two 
industrial wastes (fly ash and waste sludge) for eco-friendly work. 
(vii) The relationship between MDD and OMC suggested by Bera et al. (2007) for 
Dadri pond ash has been validated in case of Harduaganj fly ash. 
(viii) It was also observed that the same equation may be extended to compute the 
MDD values of the fly ash-waste sludge combinations within the accuracy of 
± 10%. Thus, this relationship may be useful to the field engineers to check 
the reported MDD values in the field for the present fly ash and fly ash-waste 
sludge mixes as well. 
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Fig. 4.20: Effect of Waste Sludge on Compaction Properties of Fresh 
Fly ash (Modified Proctor Test-Preconditioning Period = 24 hr) 
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Fig. 4.24: Effect of Waste Sludge on Compaction Properties of Remolded 
Fly ash (Modified Proctor Test-Preconditioning Period = 1 hr) 
138 
12 20 24 28 
Moisture Content (*/•) 
40 
Fig. 425: Effect of Waste Sludge on Compaction Properties of Remolded 
Fly ash (Standard Proctor Test-Preconditioning Period = 16 hr) 
"E 16 
z 
2 14 -
at 
Q 
Q 
Fig. 4.26: 
14 20 26 
Moisture Content (%) 
32 38 
Effect of Waste Sludge on Compaction Properties of Remolded 
Fly ash (Modified Proctor Test-Preconditioning Period = 16 hr) 
139 
12 16 20 24 28 32 
Moisture Content (%) 
40 
Fig. 421: Efifect of Waste Sludge on Compaction Properties of Remolded 
Fly ash (Standard Proctor Test-Preconditioning Period = 24 hr) 
Moisture Content (%) 
Fig. 428: Effect of Waste Sludge on Compaction Properties of Remolded 
Fly ash (Modified Proctor Test-Preconditioning Period = 24 hr) 
140 
z 
a 
a 
Fig. 4.29: Effect of Preconditioning Period on MDD of Fly ash and 
Fly ash-Waste Sludge Blend for Fresh Sample (Standard 
Proctor Test) 
au hr • ! br B16hr 124 hr 
Fig. 430: Effect of Preconditioning Period on MDD of Fly ash and 
Fly ash-Waste Sludge Blend for Fresh Sample (Modified 
Proctor Test) 
141 
45 • 
40 -
35 -
30 • 
25 -
20 -
15 • 
10 -
5 -
/ 
0 H 
1 
< 
ta. 
M D U lacreace w M D D w.r.t. 
t~ 
0 ^ 
M 
55 a 
fl 
IT . 
^^^ 
!« 
^ 
O 
'«^  
+ < 
u. 
^ 
o t -
s 
^g 
{/5 
s? 
v> 
«o 
+ 
< 
u. S? 
m VO 
Plain Kly ash 
' f 
* * 
tt 
</} 
ss o 
• ^ 
+ 
• < 
u. 
^ 
o 
« 
"^  
J^  
i 
» • 
• 
r 
1 -
-^f 
,^ 
' 
H " 
(/: 
^ 
m 
^ 
+ < 
b 
^ 
V ) 
•n 
' t ^ ^ ^ ^ ^ ^ ^ l 
' 
(A 
2? 
e 
•r> 
+ < 
ta. 
^ 
e 
m 
Fig. 4.31: Effect of Waste Sludge on MDD of Fly ash for Fresh Sample 
(Standard Proctor Test-Preconditioning Period - 0 hr) 
45 1 
40 -
35 • 
30 • 
25 • 
20 -
15 • 
10 -
5 • 
0 -
/ 
3 0 
O 
a. 
< 
u. 
MDI) 
Vt 
ri 
• ' * * M 
^^m 
C/5 
s? 
o 
rri 
+ 
< 
U. 
5? 
o t^ 
^ Increase in 
• » 
^f? 
- • 3 
' 3 
i'i 
It 4 
'/ 
B K ^ 
(/3 
s? 
IT) 
ro 
+ < 
U. 
S? 
tn 
>« 
VIDI) w.r.t. Plain F 
ar< 
2 
9 1 
^J fl 
11 
^ ^ ^ ^ I j 
(/i 
^ 
o Tf 
+ < 
u. 
^ 
o VO 
ly ash vj 
1*) 
i 
3 0 
• ? • ; 
(/) 
^ 
v> 
•rr 
+ < 
b 
^ 
*n tn 
f N 
f 4 
f O 
i 
•ar 
f J 
J r ~ ^ ^ t l ^^F* 
. " ' '^^• •^• '^^T 
c/^  
S? 
o ir> 
+ < 
ta 
^ 
o IT) 
Fig. 4.32: Effect of Waste Sludge on MDD of Fly ash for Fresh Sample 
(Modified Proctor Test-Preconditioning Period = 0 hr) 
142 
z 
Q 
O 
> 
"S 
3 
E 
o U 
7 8 9 10 11 12 13 14 15 16 
Observed Values of MDD (kN/m^) 
Fig. 4.33: Observed Versus Computed MDD Values 
143 
Chapter-5 
STRENGTH CHARACTERISTICS OF FLY ASH 
MODIFIED WITH CEMENT AND WASTE SLUDGE 
5.1 GENERAL 
The demand of power is increasing day by day. Major part of the power is suppHed by 
Thermal Power Plants where coal is used as fuel and a large quantity of fly ash 
emerges in the process. Fly ash creates different environmental problems like 
leaching, dusting and takes huge disposal area. Transforming this waste material into 
a suitable construction material may minimize the cost of its disposal and in 
alleviating environmental problems. Fly ash has become an attractive construction 
material because of its self hardening character which depends on the availability of 
free lime in it. The variation of its properties depends on nature of coal, fineness of 
pulverization, type of furnace, and firing temperature (Raymond and Smith 1966; 
Gray and Lin 1972). According to ASTM C 618-03 (2003) classification, fly ashes 
fall in two types; Class C and Class F. Class C fly ash high in calcium content 
undergoes high reactivity with water even without addition of lime 
(Parsa et al. 1996). Class F fly ash contains lower percentages of lime. It lacks 
adequate shear strength for use in geotechnical applications and requires stabilization 
with lime or cement and some admixtures to accelerate shear strength gain in short 
period. The fly ash studied in the present investigation belongs to Class F. Various 
studies on application of fly ash as bulk fill material are available (Raymond and 
Smith 1966; DiGioia and Nuzzo 1972; Gray and Lin 1972; Joshi and Nagraj 1987) 
which demonstrated the possibility of utilizing huge amoimt of fly ash in construction 
of embankments, dykes, and road subgrade. Bera et al. (2005) demonstrated the use 
of fly ash as foundation medium reinforced with jute-geotextiles. Undrained shear 
strength parameters of fly ash were reported by Raymond (1961). Gray and Lin 
(1972) conducted undrained triaxial test and unconfined compression test for fly ash 
specimens cured up to 3.4 years. They showed through unconfined compression test 
results that lime stabilization enhanced the strength of stabilized fly ash at elevated 
temperature or with long curing period. Indraratna et al. (1991) reported the 
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unconfined compressive strength and undrained triaxial strength for fly ash. 
Undrained shear strength parameters of solid waste incinerator fly ash stabilized with 
lime and cement were reported by Poran and Ahtchi (1989). The strength 
characteristics such as shear and bearing strengths of Class F fly ash mixed with waste 
sludge and cement have not received much attention by the previous researchers. 
Sutheriand et al. (1968) reported that although the strength of cement stabilized ashes 
is more compared to the corresponding strength of lime stabilized ashes at early 
stages, the difference is eliminated in three months in most of the cases. 
The degree of cementation and the effective stress level are the two major variables 
examined in the laboratory. Triaxial tests at confining pressures up to 100-150 kN/m' 
are consistent with realistic assumptions made in some important engineering 
applications, like pavement structures and shallow foundation reinforcement. 
Combination of a strong bonded structure with low confining stresses implies that no 
yielding occurs during isotropic compression; the initial stress state is well inside the 
yield envelope and peak stresses are outside the state boundary surface of the 
un-cemented fly ash. Specimens tested in these conditions are representative of the 
stress-strain behaviour defined as third class in Fig. 5.7 (Coop and Atkinson 1993). 
Leroueil and Vaughan (1990) have shown the stress-strain behaviour of naturally and 
artificially cemented soils to be basically dependent on their initial state, and its 
position in relation to the yield curve and the critical state line of the non-structured 
remolded soil. Following the same concept. Coop and Atkinson (1993) described the 
idealized behaviour of cemented soils, which is divided into three different classes, as 
illustrated in Fig. 5.7. The first class (1 in Fig. 5.7) occurs when the soil reaches its 
yield stress during isotropic compression; in this case, shearing will produce a similar 
behaviour to that observed for an equivalent non-structured soil. The second class (2 
in Fig. 5.7) occurs for intermediate stress states, in which the bonds will be broken 
during shear; the strength is controlled by the frictional component of the equivalent 
non-structured soil and the stress-strain curve shows a well defined yield point after 
an apparent linear behaviour. In the third class (3 in Fig. 5.7) the soil is sheared at low 
confining stresses, when compared to the bond strength; a peak in the stress-strain 
curve occurs at small strains and for stresses outside the limit state surface of the 
equivalent non-structured soil. 
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From the theoretical work by Leroueil and Vaughan (1990); Gens and Nova (1993) 
proposed a discussion concerning the fundamental concepts for developing 
constitutive models for cemented soils and weak rocks, within the framework of the 
hardening plasticity theory. The proposal is based on (1) the fundamental role played 
by the yield phenomenon; and (2) the necessity of considering the cemented material 
behaviour as being related to the behaviour of an equivalent un-cemented material. 
The approach suggested by Gens and Nova (1993) starts from a constitutive law for 
the uncemented material, which is modified according to the amount of cementation. 
The material degradation is simulated through the reduction of the degree of 
cementation as a function of the strain level. Accepting that a cemented fly ash would 
behave like idealized material such as cemented sand which is defined as third class in 
Fig. 5.7. The present work evaluates the mechanical response of fly ash mixed with 
cement and waste sludge. A direct comparison with the response of the un-cemented 
fly ash is made to verify the likelihood of expressing the influence of cementation 
with reference to the measured behaviour of the same un-cemented fly ash. 
The California bearing ratio (CBR) method is recommended by Indian Road Congress 
(IRC: 37-2001; IRC: 58-2002) for the design of flexible and rigid pavements. 
CBR-value is used as an index of subgrade material. This value is broadly used and 
applied in design of the base and the sub-base material for pavement. CBR-value is a 
familiar indicator test used to evaluate the strength of subgrade material for the design 
of pavements (Nicholson et al. 1994). In the present study CBR tests are carried out to 
investigate the bearing strength characteristics of the fly ash, fly ash-waste sludge and 
fly ash-cement-waste sludge mixes. 
5.2 TEST MATERIALS 
The properties of the materials used in this study are given in foUowdng sections: 
5.2.1 FLY ASH 
The fly ash used in this study was procured from Harduaganj Thermal Power Plant. 
Kasimpur, Aligarh, Uttar Pradesh (India). The physical and chemical properties of 
fly ash were determined as per IS: 2720 (Part 4-1985), IS: 1498-1987, IS: 2720 
(Part 3/Sec 1-1980) and ASTM C 618-03. These properties of fly ash have been 
discussed in Section 3.2.1 of Chapter-3. 
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5.2.2 ELECTROPLATING WASTE SLUDGE 
Electroplating waste sludge was collected in the form of filter cake from one of the 
electroplating industries in Aligarh (India), in which Nickel, Chromium, Zinc and 
Cadmium plating is done, associated mostly of lock and other allied industries. The 
waste sludge was obtained by filtration process (waste sludge passing through screen) 
of the electroplating water. By oven drying method it was found that the filtrate 
consists of 30% waste water and 70% solid waste. Heavy metal analysis was carried 
out using GBC-902 Atomic Absorption Spectrophotometer (AAS). The physical and 
chemical compositions of electroplating waste and its treatment have already been 
mentioned in Chapter-3, Section 3.2.2. 
5.2.3 LIME 
The finely powered white coloured lime was used as precipitator. The chemical 
composition of lime was given in Chapter-3, Section 3.2.3. 
5.2.4 CEMENT 
The cement used in this study was OPC-43 grade. The test on cement was conducted 
in accordance with IS: 269-1989. The physical properties of cement were given in 
Chapter-3, Section 3.2.4. 
5.3 SHEAR STRENGTH TESTS 
Shear Strength, shear strength parameters 'c ' and '(j)' and Stress-Strain behaviour have 
been determined by conducting triaxial compression test on the various mixes as 
mentioned in Table-5.1 under unconsolidated undrained condition (UU-test). The 
stresses at failure are analyzed by modified failure envelop methods. 
53.1 EXPERIMENTAL SETUP 
The triaxial compression testing machine, triaxial cell and other accessories which were 
used in this study, manufactured by AIMIL India Ltd., New Delhi. The experimental 
setup consists of various components, which are described below: 
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(i) Triaxial Cell 
Figure 5.2 shows a triaxial cell, comprising of a transparent chamber (perspex cylinder) 
sealed between a base and a top cap. The base of the cylinder has a provision of four 
valves; cell water valve, bottom drainage valve (BDV), top drainage valve (TDV) and 
additional saturation valve. Cell water valve is used for filling the cell with water to exert 
uniform pressure known as cell pressure (03). Bottom drainage valve, which connects the 
bottom of the specimen for the measurement of drainage and pore pressure on the 
specimen. It is also used for saturation of the specimen by upward flow of water. Top 
drainage valve, used for providing vacuum to the sp)ecimen so as to permit upward 
drainage of the specimen for saturation measurement of permeability. Additional 
saturation valve connected to the bottom of the specimen for saturating the specimen by 
upward flow of water particularly by the method of back pressure. The top cap of perspex 
cylinder has two valves; air release valve (ARV) and oil filling valve. Air release valve is 
used for escaping the air during the filling of cell with water. It is also used as a 'bleed 
off valve to control the pressure of the cell. Oil filling valve is used for adding a layer of 
oil over the surface of water to reduce leakage past the loading piston, especially in long 
duration tests. 
(ii) Perspex Cylinder 
The cell should be strong enough to withstand an internal pressure of 10 bar 
(10 kg/cm ) in the case of small size specimens i.e., 39 mm diameter. For larger size 
specimens bigger perspex cylinders are used to withstand pressure upto 15 bar 
(15kg/cm^). 
(iii) Loading Piston and Specimen Platens 
The axial or deviator load is applied to specimen through a loading piston of stainless 
steel resting on a pressure pad. End cap or non porous discs are placed immediately on 
the top and bottom ends of the specimen. The specimen in then kept in the base pedestal. 
(iv) Rubber Membrane 
A rubber membrane of 0.25 mm thickness is normally satisfactory for the test. In the 
present work, self vulcanizing latex has been procured fi-om AIMIL, India Ltd., New 
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Delhi. The specimens from the mould were inserted in the membrane with the help of 
vacuum pump and sealed at top and bottom with 0-rings. 
(v) Proving Rings 
The loads were measured by using two types of proving rings; for fly ash and fly ash-
cement specimens, 25 kN proving ring was used, while 10 tonnes proving ring was 
used for testing of fly ash-waste sludge-cement mix specimens. 
A separate dial gauge of sensitivity 0.01 mm is used for the measurement of 
deformation for the calculation of strains of the specimens. 
(vi) Other Accessories Used for the Test 
Compression testing machine having loading speed of 0.05 to 7.5 mm/min 
iMg. 5.4). 
l^ateral pressure assembly with a pressure gauge and pressure pump, used to 
give desired cell pressure. 
c. Split mould 39 mm diameter and 84 mm in height and a tamper for preparing 
the cylindrical specimens (Fig. 5.1). 
d. A vacuum pump is used to transfer the prepared specimens to the rubber 
membrane (Fig. 5.1). 
5.3.2 PREPARATION AND TESTING OF SPECIMENS 
The preparation and testing of specimens for triaxial compression tests has been 
carried out in accordance with the IS: 2720 (Part 1 l-1993).The details of preparation 
of test specimens and test procedures are discussed below: 
The standard Proctor compaction tests were carried out using equipment and 
procedure as specified in IS: 2720 (Part 7-1987) equivalent to (ASTM 
D 698-2000a) to obtain Maximum Dry Density (MDD) and Optimum Moisture 
Content (CMC) of fly ash and fly ash-waste sludge mixes as shown in Table 4.2 of 
Chapter-4. The CMC of the fly ash was obtained as 27.5% which also satisfies the 
IS: 456 (2000) requirements (i.e., 25% water by weight of cement is to be added to 
cement mortar for chemical reactions). 
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First of all the lime precipitated electroplating waste sludge was dried in oven for 
24 hours, pulverized and sieved through 425|i IS sieve. Fly ash was dried in oven for 
24 hours and sieved through 425|i IS sieve. A known quantity of fly ash, fly ash-
waste sludge, fly ash-cement and fly ash-waste sludge-cement mix were taken and 
water equal to OMC was added. The material was thoroughly mixed to achieve 
uniform mixing of water. The wet mix was then placed in split mould for casting the 
remolded cylindrical specimens having diameter as 39 mm and length 84 mm, for 
triaxial compression test as described in the following steps: 
(i) The inner surface of the split mould was properly oiled, the wet mixes of 
fly ash, fly ash-cement and fly ash-waste sludge-cement (Table-5.1) was 
then filled in the mould in five layers and each layer was compacted by a 
tamper giving 25 numbers of blows to obtain the desired MDD. 
(ii) The extra material was trimmed off from the split mould and the specimens 
were gently taken out from the split mould and kept in air for 24 hours. After 
24 hours the specimens were cured for 7 days, 28 days and 90 days using 
thermostatically temperature controlled curing tank (Fig. 5.3). The cured 
specimens were shifted to membrane in the following steps: 
(iii) The membrane was stretched from inside the stretcher and both the top and 
bottom ends were folded around its collar. The prepared and cured specimen 
was transferred in the membrane stretcher. 
(iv) Now the specimen is enclosed tightly by rubber membrane and it was taken 
out from the membrane stretcher. 
(v) A platen (pressure pad) was kept at the top of the specimen and was tighten to 
the membrane by placing two 0-rings. 
(vi) Now the specimen was then fixed to the cell, keeping the disc at the bottom 
pedestal and fixed by two 0-rings. 
(vii) The cell was then assembled and filled with water to exert confining pressures 
of 50 kNW, 100 kN/m^ and 150 kN/ml 
(viii) Since the tests were conducted under UU-test conditions, all the valves i.e.. 
ARV, TDV and BDV were kept closed. The loading platform of compression 
testing machine was then raised to bring the ram in contact with the loading cap. 
(ix) Keeping the proving ring dial and strain gauges were set to zero. The test was 
conducted under strain controlled condition i.e. the load dial readings were 
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recorded for the fixed values of strains starting from 0.2 mm, 0.4 mm, 0.6 mm, 
0.8 mm and so on till the failure occurred. 
(x) The specimen shall then be unloaded and the final reading of the load 
measuring gauge shall be recorded as a check on the initial reading. The cell 
shall be drained of fluid and dismantled, and the specimen taken out. The 
rubber membrane shall be removed from the specimen and the mode of failure 
has been noted as shown in Fig. 5.5. 
(xi) The similar tests procedure were repeated for other combinations of mixes 
(Table-5.1) and the results of the average of three replicate tests for each 
combinations of mixes and curing periods were reported for further analysis. 
Table-5.1 Details of Test Conditions for Shear Test 
S.No. 
I. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
Mix 
Fly ash (FA) 
70%FA+30%S 
65%FA+35%S 
60%FA+40%S 
55%FA+45%S 
50%FA+50%S 
92%FA+08%C 
62%FA+08%C+30%S 
57%FA+08%C+35%S 
52%FA+08%C+40%S 
47%FA+08%C+45%S 
42%FA+08%C+50%S 
Curing Period 
7, 28 and 90 days 
7 and 28 days 
7 and 28 days 
7 and 28 days 
7 and 28 days 
7 and 28 days 
7, 28 and 90 days 
7, 28 and 90 days 
7, 28 and 90 days 
7, 28 and 90 days 
7, 28 and 90 days 
7, 28 and 90 days 
Confining Pressure 
(MPa) 
0.05, 0.10 and 0.15 
0.05,0.10 and 0.15 
0.05, 0.10 and 0.15 
0.05,0.10 and O.I5 
0.05, 0.10 and O.I5 
0.05, 0.10 and O.I5 
0.05,0.10 and 0.15 
0.05, 0.10 and O.I5 
0.05,0.10 and 0.15 
0.05, 0.10 and O.I5 
0.05, 0.10 and O.I5 
0.05, 0.10 and 0.15 
No. of 
Tests 
Conducted 
09 
06 
06 
06 
06 
06 
09 
09 
09 
09 
09 
09 
5.4 CALIFORNIA BEARING RATIO (CBR) TESTS 
The California Bearing Ratio (CBR) test was developed by the California Division of 
Highways as a method of evaluating strength of subgrade and base course materials for 
pavements. According to IRC: 37 (2001) this test provides one of the important 
parameters i.e., bearing strength, which is most essential input required for designing the 
pavements. The data obtained from CBR tests are plotted, with penetration on the 
abscissa and load at the ordinate. The CBR value is determined by comparing the load 
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values of the material at 2.5 mm and 5.0 mm penetration of the plunger with the load 
values of the standard crushed stone at the same penetration levels. 
Lime stabilization is applied in road construction to improve subbase and subgrades, for 
railroads and airports construction, embankments, soil exchange in unstable slopes, 
backfill, canal linings, improvement of soil beneath foundation slabs, bridge abutments 
and retaining walls (Anon 1985 and 1990). Diamond et al. (1964); Ormsby and Kinter 
(1973); Choquette el al. (1987) have been observed that the improvement in the 
properties of fly ash due to lime takes place through inter-particle attraction causing 
flocculation and aggregation and the pozzolanic reaction, where calcium from the lime 
reacts with the soluble alumina and silica available in the fly ash in the presence of water 
to produce stable calcium silicate hydrates (C-S-H), calcium aluminate hydrates (C-A-H) 
and calcium aluminosilicate hydrates (C-A-S-H) which generate long-term strength gain. 
However, the data on the California bearing ratio (CBR) of the mbc containing fly ash-
waste sludge-cement are not available in literature. Therefore, it becomes imp)erative to 
carry out CBR test to establish the pavement worthiness of these mixes. 
5.4.1 EXPERIMENTAL SETUP 
A brief description of various equipments and accessories used in this study is described 
below: 
(i) Moulds with Base Plate, Stay Rod and Wing Nut 
The tests were conducted on specimens prepared in a non corrodible metallic cylindrical 
mould (Fig. 5.56) of 150 mm diameter and 175 mm height provided with a collar of about 
50 mm length and detachable perforated base plate connected with the mould stay rod 
and wing nut (IS: 9669 - 1980). 
(ii) Collar 
It is a detachable metal extension of 50 mm in height used to provide extra height to 
the mould for filling and compacfion of the material (IS: 9669 - 1980). 
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(iii) Spacer Disc 
A spacer disc of 147 mm diameter and 47.7 mm thickness was placed at the base of 
the mould to obtain a specimen of exactly 127.3 mm height (IS: 9669 - 1980). 
(iv) Metal Rammer 
The material filled in the mould was compacted with rammer (Fig. 5.56) of weight 
2.6 kg having a free fall of 310 mm for light compaction (IS: 9198 - 1979). 
(v) Weights 
In order to simulate the effect of the overlaying pavement weight, annular weights 
(Fig. 5.56) each of 2.5 kg were placed on the top of the specimen at the time of curing 
and testing of the specimens (IS: 9669 - 1980). 
(vi) Loading Machine 
A compression testing machine with a minimum capacity of 5000 kg, equipped with a 
movable head or base which enables the plunger to penetrate into the specimen at a 
deformation rate of 1.25 mm/min (Fig. 5.58). 
(vii) Penetration Plunger 
It is a 50 mm diameter cylindrical plunger used to penetrate into the material in the 
mould and the penetration of the plunger and load sustained by the material was 
recorded (IS: 9669 - 1980). 
(viii) Electronic Load and Settlement Measuring Device 
A digital display meter having an accuracy of 0.1% is used for measuring load and 
penetration values of the CBR specimens (Fig. 5.58). 
(x) Miscellaneous Apparatus 
Other general apparatus, such as a mixing bowl, straightedge, scales, soaking tank 
pan, drying oven, filter paper, dishes and calibrated measuring jar were also used. 
or 
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5.4.2 PREPARATION AND TESTING OF SPECIMENS 
The preparation and testing of specimens for California bearing ratio test were carried 
out in accordance with the IS: 2720 (Part 16-1987). 
The standard Proctor compaction test was carried out using the equipment and 
procedure as specified in IS: 2720 (Part 7-1987) equivalent to (ASTM D 698-2000) 
to obtain maximum dry density (MDD) and optimum moisture content (OMC) of 
fly ash and fly ash-waste sludge mixes as shown in Table 4.2 of Chapter-4. The OMC 
of the fly ash was obtained as 27.5%. 
First of all the lime precipitated electroplating waste sludge was dried, pulverized and 
sieved through 425|i IS sieve. Fly ash was dried in oven for 24 hours and sieved 
through 425|a IS sieve. About 5 kg of fly ash, fly ash-waste sludge, fly ash-cement 
and fly ash-waste sludge-cement mix blends were taken and water equal to OMC was 
added. The material was thoroughly mixed to achieve uniform mixing of water. The 
spacer disc was placed at the bottom of the mould and a filter paper over it; the first 
layer of wet mix blend is placed over it and compacted uniformly by 56 number of 
blows using light compaction hammer weighing 2.6 kg having free fall of 310 mm. 
Similarly, the second and top layers (using collar) were placed by compacting each 
layer again by 56 number of blows. The collar was then removed and excess material 
was trimmed off with the help of steel cutting edge, to bring it in the level of the top 
of the mould. The filter paper was now placed on the base plate and the mould was 
turned upside down, so that the top of the specimen which was downwards in now 
turned upward on which penetration test was performed. After 24 hours the mould 
was kept under water for curing by placing filter paper on the top of the specimens 
along the surcharge weight of 5 kg over it (Fig. 5.57). The specimens of different 
mixes were kept under water for different curing periods as shown in Table-5.2. 
The free water collected in the mould has been removed and the specimens were 
allowed to drain off water in a vertical position for 15 minutes. The surcharge weight 
was again placed on the top of the specimens and the assembly with the base plate is 
placed in the compression testing machine (Fig. 5.58). The plunger was brought in 
contact with the top surface of the specimen. A seating load of 4 kg was applied. The 
digital display meter for measuring load and penetration was the then set to zero. Now 
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the load was applied at the rate of 1.25 mm/minute. Load readings were recorded at 
penetrations, 0.0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0, 7.5, 10 and 12.5 mm respectively. 
The load was released and the plunger was raised and the mould detached from the 
loading machine. 
The similar tests procedure were repeated for other combinations of mix mentioned in 
the Table-5.2 and the results of the average of three replicate tests for each 
combinations of mix and curing periods were reported for further analysis. 
Table-5.2 Details of Test Conditions for CBR Test 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
Mix 
Fly ash 
70%FA+30%S 
65%FA+35%S 
60%FA+40%S 
55%FA+45%S 
50%FA+50%S 
92%FA+08%C 
62%FA+08%C+30%S 
57%FA+08%C+35%S 
52%FA+08%C+40%S 
47%FA+08%C+45%S 
42%FA+08%C+50%S 
37%FA+8%C+55%S 
Curing Periods 
Fresh, 7, 28 and 90 days 
Fresh, 7, 28 and 90 days 
Fresh, 7, 28 and 90 days 
Fresh, 7, 28 and 90 days 
Fresh, 7, 28 and 90 days 
Fresh, 7, 28 and 90 days 
Fresh, 7, 28 and 90 days 
Fresh, 7, 28 and 90 days 
Fresh, 7, 28 and 90 days 
Fresh, 7, 28 and 90 days 
Fresh, 7, 28 and 90 days 
Fresh, 7, 28 and 90 days 
Fresh, 7, 28 and 90 days 
Number of Tests 
Conducted 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
5.5 RESULTS AND DISCUSSION 
The test results of fly ash, fly ash-cement, fly ash-waste sludge and fly ash-cement-
waste sludge combinations, obtained from triaxial compression and California bearing 
ratio tests are discussed in the following sections: 
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5.5.1 SHEAR STRENGTH 
The results of triaxial compression tests (UU-test) on aged/cured specimens of fly ash. 
fly ash-waste sludge, fly ash-8% cement and fly ash-waste sludge-8% cement are 
discussed to bring out the shear strength behaviour of these combinations. 
5.5.1.1 Behaviour of Fly ash 
Figures 5.8 to 5.11 and Table-5.3 show the results of triaxial shear tests conducted on 
fly ash under confining pressures of 0.05, 0.10 and 0.15 MPa at 7, 28 and 90 days of 
aging. The details of the study have been presented as under: 
(i) The stress-strain curves indicate that the failure of the fly ash specimens take 
place without development of distinct failure plane. This type of failure may 
be due to the low pozzolanic reaction of the Class F fly ash. It may also be 
observed that the peak strength value exhibited at strain level of 3% to 7%. 
(ii) The confining pressures have a significant effect on deviator stresses. The 
deviator stresses at failure after 90 days of aging are 0.171 MPa, 0.235 MPa 
and 0.253 MPa at confining pressures of 0.05 MPa, 0.10 MPa and 0.15 MPa 
respectively. The significant increase in the deviator stresses on increasing the 
confining pressures were due to low cementing properties of fly ash. Ghosh 
(1996) and Ghosh and Subbarao (2001) have reported similar results of Dadri 
fly ash. 
(iii) The shear strength of fly ash improves on aging. The improvement in shear 
strength is of the order of 12.5% and 25% at 28 and 90 days of aging respectively. 
(iv) The average undrained cohesion values have been observed as 0.04 MPa and 
0.043 MPa at 28 and 90 days of aging respectively. The gain in the cohesion 
due to aging is 33% and 43% respectively, when compared with 7 days of 
aging. 
(v) The average peak friction angle (^) has been increased to 17.2° at 90 days of 
aging. The increase in ^ value on aging (from 7 to 90 days) might be due to 
slow pozzolanic reaction of fly ash which is taking place in longer period of 
time (Ghosh and Subbarao 2001). 
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5.5.1.2 Fly ash Mixed with Waste Sludge 
Figures 5.12 to 5.26, Figs. 5.51 to 5.52 and Table-5.3 show the variations of 
stress-strain, c-(j) parameters and the effect of curing periods for the fly ash-wastes 
sludge mixes. The tests were conducted under confining pressures of 0.05, 0.10 and 
0.15 MPa at 7 and 28 days of curing. The results suggest that: 
(i) The failure of the specimens takes place with the development of distinct 
failure plane. This type of failure may be attributed due to bonding between 
fly ash and lime precipitated waste sludge. The peak strength value exhibited 
at strain level of 2.5% to 7%. 
(ii) The stress-strain curves for the mixes 70%FA+30%S to 50%FA+50%S are 
linear in the beginning followed by parabolic curve, which indicates the 
initiation of breaking of linkages, thus leading to the development of micro 
cracks. 
(iii) The shear strength of the mix increases with increase in the waste sludge 
content and curing periods. Amongst all the combinations of mixes, 
60%FA+40%S mix exhibits highest shear strength of 1.53 MPa at 28 days of 
curing, which is 17 times more than the shear strength of fly ash at the same 
curing period. 
(iv) The average peak friction angle (())) for the mix 60%FA+40%S has been 
increased significantly from 15" (fly ash) to 33" at 7 days of curing. 
(v) The similar trend has also been observed at 28 days of curing i.e., the value of 
average peak friction angle ((j)) increased from 15.2° (fly ash) to 41" of this 
mix. 
(vi) The value of average undrained cohesion (c) of this mix has been observed as 
1.13 MPa at 28 days of curing, which is 2725% more than the value of 
cohesion of fly ash for the similar curing period. 
(vii) The increase in the shear parameters of this mix, clearly demonstrates the 
existence of an interaction effect that involves the confining pressure and 
curing periods on the peak strengths. 
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(viii) Amongst all combinations of the mixes, mix 50%FA+50%S has the lowest 
shear strength 0.74 MPa at 28 days of curing. 
5.5.1.3 Performance of Fly ash Mixed with Cement 
Figures 5.27 to 5.30, Figs. 5.53 to 5.55 and Table-5.3 show the variation of 
stress-strain, c-^ parameters and the effect of curing periods of fly ash mixed with 8% 
cement. The tests were conducted under confining pressures of 0.05, 0.10 and 0.15 
MPa at 7, 28 and 90 days of curing periods. The results suggest that: 
(i) The addition of cement has increased the deviator stress and shear strength 
parameters due to availability of cement for pozzolanic reaction. 
(ii) The rate of gain of shear strength of the mix 92%FA+8%C is 0.59 MPa which 
is 556% more than the fly ash (0.09 MPa) at 28 days of curing. The gain in the 
shear strength continues fijrther at 90 days of curing. 
(iii) The average peak friction angle ((j)) of the mix has been increasing 
significantly from 15.2° (fly ash) to 39° at 28 days of curing. The gain in the 
(j) value is observed as 157%. 
(iv) The value of average undrained cohesion (c) of the mix has been observed as 
0.41 MPa at 28 days of curing, which is 925% more than that of fly ash. 
(v) The gain in the average values of peak friction angle and undrained cohesion 
has been continued fiirther at 90 days of curing as well. 
5.5.1.4 Behaviour of Mix Containing Fly ash-Cement-Waste Sludge 
Figures 5.31 to 5.50, Figs. 5.53 to 5.55 and Tables-5.3 to 5.4 show the variation of 
stress-strain, c-(J) parameters and the effect of curing periods for fly ash-cement-waste 
sludge mixes. The tests were conducted under confining pressures of 0.05, 0.10 and 
0.15 MPa at 7, 28 and 90 days of curing periods. The results show that: 
(i) The behaviour of the stress-strain curves of mix 62%FA+30%S+8%C is 
similar to the behaviour of the mixes 70%FA+30%S to 50%FA+50%S, which 
has already been discussed previously. 
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(ii) The stress-strain curve for the rest of the combination of mixes viz.. 
57%FA+35%S+8%C to 42%FA+50%S+8%C are linear in the beginning 
followed by parabolic curve and again becomes linear. The beginning of the 
parabola curve indicates the initiation of breaking of linkages, thus leading to 
the development of micro cracks. But the subsequent linear portion of stress-
strain curve may be due to the reason that other linkage becomes active in 
sharing the load along with the partially broken linkages. It is due to this 
reason that the slope of the second linear portion of stress-strain curve is less 
than the slope of the first liner portion. 
(iii) It is also envisaged from the test results that the contribution of waste sludge 
with cement in fly ash at longer periods of curing is significant. Amongst all 
the combinations of mixes, 47%FA+45%S+8%C mix exhibits maximum shear 
strength of 2.15 MPa at 28 days of curing, which is 24 times more than the fly 
ash. 
(iv) The shear strength of this mix at 90 days of curing has been observed as 
2.48 MPa, which is 25 times more than the fly ash at 90 days of curing. A 
similar type of behaviour was reported by Consoli et al. (2001) for soil-tly 
ash-carbide lime mixture and Ghosh and Subbarao. (2007) for fly ash-lime and 
gypsum mix. 
(v) The percent gain in average undrained cohesion (c) of this mix with respect to 
fly ash at 28 days of curing is 3350%. Whereas, the increase in c value at 90 
days is 4272%. 
(vi) The average peak friction angle ((})) of this mix has been increased significantly 
from 15.2" (fly ash) to 42° at 28 days of curing. The gain in the (J) value observed 
as 176%. The improvement in the (j) value continues at 90 days (50°), which is 
190% more than fly ash. 
(vii) Such an increase in shear strength and shear strength parameters can be 
attributed to the bonds formed by crystallization of the pozzolanic reaction 
products provided by the cement and lime precipitated waste sludge addition 
which is in line with the arguments advanced by Sherwood (1993). The author 
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stated that the calcium sihcates and aluminates contained in the cement paste 
form, in the presence of water, hydrated compounds that crystalHze with time. 
Moreover, this phenomenon occurs in the first few hours after mixing with the 
fly ash-waste sludge-cement metrics. 
(viii) Amongst all combinations of mixes, mix 42%FA+50%S+8%C exhibits lowest 
shear strength of 1.43 and 0.56 MPa at 28 and 90 days of curing respectively. 
The low shear strength .gain may be due to the low pH values of the pore fluid 
in the first few days (Fraay et al. 1990). 
(ix) The decrease in the shear strength of this mix might also be attributed due to 
the presence of excess amount of sulphate and lime added wath the waste 
sludge in the mix, causing development of shrinkage cracks due to formation 
of ettringite and progressive carbonation reaction which eventually leads to 
depletion of portlandite. Subsequently decalcification of C-S-H results in 
deterioration in the strength of the mix. 
(x) On visible inspection (Fig. 5.6) of the triaxial specimens comprising of 50%S. 
42%FA and 8% C, it was observed that the superficial cracks were appearing 
on the surface of these specimens as the curing progresses. 
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TabIe-5.4 Effect of Curing on Shear Strength of Fly ash-Waste Sludge-Cement 
Mix 
Mix 
62%FA+08%C+30%S 
57%FA+08%C+35%S 
52%FA+08%C+40%S 
47%FA+08%C+45%S 
Percentage Increase in Shear Strength for Different 
Curing Period 
(w.r.t. fly ash) 
7 (days) 
1112 
1475 
1962 
2150 
28 (days) 
1300 
1800 
2088 
2289 
90 (days) 
1430 
1860 
2190 
2380 
5.5.2 CALIFORNIA BEARING RATIO 
The results of California bearing ratio (CBR) tests on fresh and aged/cured specimens 
of fly ash, fly ash-waste sludge, fly ash-8% cement and fly ash-waste sludge-8% 
cement and their combinations are discussed to bring out the load bearing 
characteristics of these mixes. The results are also discussed to bring out the effect of 
fresh, 7, 28 and 90 days of curing of the specimens, cement content and waste sludge 
on CBR values. 
5.5.2.1 Load Bearing Characteristics of Fly ash 
Figure 5.59 shows the results of CBR tests on fly ash. These results are presented in 
Tables-5.5 and 5.7 to bring out the effect of fresh/aging on bearing strengths. The 
results suggest that: 
(i) The CBR value of fly ash under as compacted condition (fresh) has been 
obtained as 3.6% which is considered as poor CBR value (Bowles 1992). 
(ii) CBR value of fly ash improves on aging (Fig. 5.73). The improvement in CBR 
is of the order of 103% at 90 days of aging. 
5.5.2.2 Load Bearing Characteristics of Fly ash-Cement Mix 
Results of CBR tests on 92%FA+8% C have been presented in Fig. 5.60 and 
Tables-5.5 and 5.7 to bring out the effect of cement and curing on bearing strength. 
The results show that: 
164 
(i) The 92%FA+8%C mix exhibits better CBR value than fly ash. The CBR value 
of this mix under fresh condition is 4.8% which is 34% more than fly ash 
under similar conditions. The increase in CBR value of this mix under fresh 
condition may be due to increase in the density of the mix on addition of fines 
(cement) in the fly ash. This observation is on similar lines as reported by 
CheinandOh(1998). 
(ii) The effect of curing is significant in this case (Fig. 5.74). The gain in the CBR 
value at 90 days of curing has been observed as 47% when compared with fl> 
ash under similar test condition. Kaniraj and Havanagi (2001) have reported 
similar results for fly ash-cement mix. 
5.5.2.3 Load Bearing Characteristics of Fly ash-Waste Sludge Mix 
The results of CBR tests are presented in Figs. 5.61 to 5.66 and Tables-5.5 and 5.6 to 
bring out the effects of waste sludge and curing on CBR values of the fly ash. The 
details of the study have been presented as under: 
(i) It may be observed from load-penetration curves that the CBR values of 
fly ash have been increased significantly on addition of waste sludge. 
(ii) Amongst all combinations of fly ash-waste sludge mixes, 55%FA+45%S mix 
exhibits highest CBR value of 9.4% under as compacted condition. 
(iii) The lowest CBR value has been observed as 5.8% for the mix 70%FA+30%S 
under as compacted condition. 
(iv) The CBR values of the mix improve on curing (Fig. 5.73). The most 
significant effect of curing has been observed in case of 45%FA+55%S mix. 
The value of CBR at 90 days of curing has been observed as 34.2%. 
(v) The gain in CBR value of this mix is slow during initial curing periods, it 
increases significantly on increase in the curing periods. The slow rate of gain 
of strength might be due to the presence of lime in waste sludge due to which 
the pozzolanic reaction accelerates in the later stage of curing (Ghosh and 
Subbarao 2007). 
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5.5.2.4 Load Bearing Characteristics of Fly ash-Cement-Waste Sludge Mix 
The performance of mix containing fly ash-cement-waste sludge have been studied bv 
carrying out CBR tests on specimens prepared with 62%-37%FA, 8%C and 
30%-55%S contents under fresh/cured conditions (Table-5.2). The results of CBR 
tests are presented in Figs. 5.67 to 5.72 and Tables-5.5 and 5.7 to bring out the 
combined effect of fly ash-cement-waste sludge and curing on CBR values of the mix. 
The results show that: 
(i) The combinations of fly ash-cement-waste sludge exhibit better CBR values 
than fly ash and fly ash-waste sludge mixes. 
(ii) Amongst all combinations of fly ash-waste sludge-cement. 
47%FA+8%C+45%S mix exhibits highest CBR of 10.2% under fresh condition. 
(iii) The CBR value of mixes improves on curing. The improvement in the CBR 
has been observed for the mix 42%FA+8%C+50%S at 90 days of curing 
(Fig. 5.74). The CBR value of this mix is 43.7% which is categorized as good 
subgrade (Bowles 1992). The gain in CBR value is 498% as compared to fly 
ash. 
(iv) At 28 days of curing mixes 47%FA+45%S+8%C, 42%FA+50%S+8%C and 
37%FA+55%S+8%C exhibit almost equal CBR values. The observed CBR 
values are 37.9, 38.9 and 37.9% respectively. Due to exhibiting fairly good 
CBR values, hence, any of the mixes can suitable be used in the construction 
of pavement. 
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Table-5.5 Results of CBR Test 
Material 
Fly ash 
70%FA+30%S 
65%FA+35%S 
60%FA+40%S 
55%FA+45%S 
50%FA+50%S 
45%FA+55%S 
92%FA+8%C 
62%FA+8%C+30%S 
57%FA+8%C+35%S 
52%FA+8%C+40%S 
47%FA+8%C+45%S 
42%FA+8%C+50%S 
37%FA+8%C+55%S 
Fresh 
3.60 
5.80 
6.50 
8.20 
9.40 
7.30 
9.20 
4.80 
7.20 
7.30 
9.70 
10.20 
9.70 
9.70 
CBR Value 
(%) 
Aged 
(7 days) 
4.30 
7.20 
9.70 
14.50 
17.00 
18.50 
19.50 
5.80 
9.70 
7.20 
14.60 
18.90 
19.40 
19.50 
Aged 
(28 days) 
6.00 
9.70 
14.59 
24.30 
26.80 
26.30 
28.70 
9.20 
13.60 
18.50 
30.00 
37.90 
38.90 
37.90 
Aged 
(90 days) 
7.30 
13.60 
19.22 
29.70 
31.70 
32.00 
34.20 
10.70 
17.00 
20.00 
34.00 
38.90 
43.70 
38.90 
Table-5.6 Effect of Curing on CBR Values of Fly ash-Waste Sludge Mix 
Mix 
70%FA+30%S 
65%FA+35%S 
60%FA+40%S 
55%FA+45%S 
50%FA+50%S 
45%FA+55%S 
Percentage Increase in CBR Values for Different Curing 
Period 
(with respect to fresh specimen) 
7 days 
24 
49 
77 
81 
153 
112 
28 days 
67 
125 
196 
185 
260 
212 
90 days 
135 
195 
183 
237 
338 
269 
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5.6 CONCLUDING REMARKS 
The shear and bearing strengths characteristics of Class F fly ash mixed with cement 
and electroplating waste sludge, were studied through unconsolidated undrained triaxial 
compression tests (UU-test) and California bearing ratio tests (CBR) respectively. The 
fly ash was mixed with 8% cement and 30%-50% waste sludge to attain good strength. 
The triaxial compression tests were carried out on specimens cured at 7, 28 and 90 da\ s. 
while CBR tests were conducted on fresh as well as specimens cured at 7, 28 and 90 
days. The following conclusions may be drawn from the test results of these studies. 
(i) The mix containing 70%-55% fly ash and 30%-45% waste sludge has been 
showing good shear and bearing strength characteristics. 
(ii) Addition of small percentage of cement (8%) along with waste sludge to fly ash 
enhances the shear and bearing strengths at early stage of curing. 
(iii) The shear and bearing strengths of fly ash were increased to manifolds on 
addition of waste sludge and cement to it. 
(iv) The shear strength parameters 'c' and '<))' of fly ash have been increased to 
4272% and 191% respectively, for 47%FA+45%S+8%C mix at 90 days of 
curing. 
(v) Fly ash mixed with 8% cement and 50% waste sludge has achieved CBR value 
of 43.7% at 90 days of curing. 
(vi) The gain in CBR value of fly ash after addition of 8% cement and 50% waste 
sludge is 350% at 90 days of curing. 
(vii) The CBR value of freshly compacted fly ash is coming out to be 3.6% which is 
very low and undesirable for construction. 
Thus, fly ash mixed with cement and waste sludge may find potential applications in 
road and embankment constructions due its strength characteristics, durability, 
longevity and environmental safety which were ensured by TCLP leaching test 
discussed in Section 3.5 of Chapter-3. 
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Fig. 5.1: Accessories of Triaxial Compression Test 
Fig. 5.2: Specimen Enclosed in the Triaxial Cell before Testing 
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Fig. 5.3: Curing of the Triaxial Specimens in a Thermostatically Temperature 
Controlled Curing Tank 
Fig.5.4: Unconsolidated llndrained (UU) Triaxial Compression Test 
in Progress 
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Fig. 5.5: Specimen after Failure 
Fig. 5.6: Surface Cracks Appeared due to Addition of Waste Sludge Beyond 
50% in the Mix 
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(a) 
Critical State Line 
Yield Curve 
(b) 
Fig. 5.7: Idealized Behaviour of Cemented Sandy Soil (a) Stress-Strain Curves 
(b) Effective Stress Path (Coop and Atkinson 1993) 
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Fig. 5.8: Stress-Strain Behaviour of Fly ash at 7 days of Curing 
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Fig. 5.9: Stress-Strain Behaviour of Fly ash at 28 days of Curing 
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Fig. 5.10: Stress-Strain Behaviour of Fly ash at 90 days of Curing 
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Fig. 5.11: Modified Failure Envelopes of Fly ash 
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Fig. 5.12: Stress-Strain Behaviour of 70%FA+30%S at 7 days of Curing 
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Fig. 5.13: Stress-Strain Behaviour of 70%FA+30%S at 28 days of 
Curing 
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Fig. 5.14: Modified Failure Envelopes of 70%FA+30%S 
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Fig. 5.15: Stress-Strain Behaviour of 65%FA+35%S at 7 days of 
Curing 
2.50 
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 
Axial Strain (%) 
Fig. 5.16: Stress-Strain Behaviour of 65%FA+35%S at 28 days of 
Curing 
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Fig. 5.18: Stress-Strain Behaviour of 60%FA+40%S at 7 days of 
Curing 
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Fig. 5.19: Stress-Strain Behaviour of 60%FA+40%S at 28 days of 
Curing 
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Fig. 5.20: Modified Failure Envelopes of 60%FA+40%S 
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Fig. 5.21: Stress-Strain Behaviour of 55%FA+45%S at 7 days of 
Curing 
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Fig. 5.22: Stress-Strain Behaviour of 55%FA+45%S at 28 days of 
Curing 
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Fig. 5.23: Modified Failure Envelopes of 55%FA+45%S 
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Fig. 5.24: Stress-Strain Behaviour of 50%FA+50%S at 7 days of 
Curing 
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Fig. 5.25: Stress-Strain Behaviour of 50%FA+50%S at 28 days of 
Curing 
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Fig. 5.26: Modified Failure Envelopes of 50%FA+50%S 
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Fig. 5.27: Stress-Strain Behaviour of 92%FA+8%C at 7 days of 
Curing 
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Fig, 5.28: Stress-Strain Behaviour of 92%FA+8%C at 28 days of 
Curing 
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Fig. 5.29: Stress-Strain Behaviour of 92%FA+8%C at 90 days of 
Curing 
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Fig. 5.30: Modified Failure Envelopes of 92%FA+8%C 
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Fig. 5.31: Stress-Strain Behaviour of 62%FA+30%S+8%C at 7 days 
of Curing 
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Fig. 5.32: Stress-Strain Behaviour of 62%FA+30%S+8%C at 28 days 
of Curing 
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Fig. 5.33: Stress-Strain Behaviour of 62%FA+30%S+8%C at 
90 days of Curing 
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Fig. 5.34: Modified Failure Envelopes of 62%FA+30%S+8%C 
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Fig. 5.45: Stress-Strain Behaviour of 47%FA+45%S+8%C at 90 days 
of Curing 
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Fig. 5.48: Stress-Strain Behaviour of 42%FA+50%S+8%C at 28 days 
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Fig. 5.57: Curing of CBR Specimen in Progress 
Fig. 5.58: CBR Test in Progress 
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Chapter-6 
LOAD-SETTLEMENT BEHAVIOUR OF FLY ASH 
MIXED WITH WASTE SLUDGE AND CEMENT 
6.1 GENERAL 
One of the promising utilization of fly ash-waste sludge-cement mix is to use it as a fill 
material to raise low lying areas. Bearing capacity and settlement are required input for 
the design of foundations on such fills. However, it lacks database on the 
load-settlement behaviour of compacted fly ash and fly ash-cement-waste sludge fills, 
which can provide direct evidence on their performance as structural fills. To fill this 
gap, a comprehensive experimental study consisting of plate load tests on compacted 
fly ash, fly ash-cement-waste sludge beds are planned. Plate load tests are carried out on 
prepared compacted tests beds of fly ash, fly ash-cement-waste sludge and their 
combinations. In order to examine the behaviour of these test beds under various 
possible conditions, plate load tests were carried out immediately after compaction, 
after different periods of aging (curing) and under fully submerged conditions of test 
beds. 
6.2 TEST MATERIALS 
The properties of the materials used in this study are given in following sections: 
6.2,1 FLY ASH 
The fly ash used in this study was procured ft-om Harduaganj Thermal Power Plant. 
Kasimpur, Uttar Pradesh, Aligarh, India. The physical and chemical properties of 
fly ash were determined as per IS: 2720 (Part 4-1985), IS: 1498-1987, IS: 2720 (Part 
3/Sec 1-1980) and ASTM C 618-03. These properties of fly ash have been discussed 
in Section 3.2.1of Chapter-3. 
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6.2.2 ELECTROPLATING WASTE SLUDGE 
Electroplating waste sludge was collected in the form of filtered cake from one of the 
electroplating industries in Aligarh, Uttar Pradesh, India, in which Nickel, Chromium. 
Zinc and Cadmium plating is done, associated mostly of lock and other allied 
industries. The waste sludge was obtained by filtration process (waste sludge passing 
through screen) of the electroplating water. By using oven drying method it was found 
that the filtrate consists of 30% waste water and 70% solid waste. Heavy metal 
analysis was carried out using GBC-902 atomic absorption spectrophotometer (AAS). 
The physical and chemical compositions of electroplating waste sludge and its 
treatment have already been carried out in Chapter-3, Section 3.2.2. 
6.2.3 LIME 
The finely powered white coloured lime was used as precipitator. The chemical 
composition of lime was given in Chapter-3, Section 3.2.3. 
6.2.4 CEMENT 
The cement used in this study was OPC-43 grade. The test on cement was conducted 
in accordance with IS: 269-1989. The physical properties of cement were given in 
Secfion 3.2.4 of Chapter-3. 
6.3 PLATE LOAD TEST 
To evaluate the bearing capacity and settlement of footings, plate load tests were 
conducted on a plate of 300 mm x 300 mm size. To correlate actual field condition 
300 mm x 300 mm size plate has been chosen for this study. The details of test set up 
and tests procedure have been briefly described in the following section. 
6.3.1 TEST SETUP 
The test setup consists of a test tank (Figs. 6.1 and 6.2) in which the test beds were 
prepared. To provide necessary reaction to jack loading of test plate a loading frame 
of 3.6 m X 3.6 m consisting of four columns and cross beams was used in this study. 
The details of the various components of the test set up are briefly described below: 
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(i) Test Tank 
The test tank is shown in Fig. 6.1. The test beds were prepared in this tank. It is square 
in plan with dimensions of sides 2000 mm and height 1500 mm (Fig. 6.2). The tank is 
made up of mild steel plate 25 mm thick with lateral bracings to avoid lateral 
deflection of the tank on loading. The test tank has the following additional features: 
(a) Gravel Filter 
To facilitate faster and uniform raising of water table within the test beds, a 250 mm 
thick layer of well graded gravel-sand mixture is provided at the bottom of the tank. 
(b) Piezometer and Inlet Taps 
A glass stand pipe (piezometer) of 10 mm diameter at the front of the wall and two 
inlet taps (which were extended up to base of the tank) at two opposite comers of the 
tank were provided. The piezometer was installed to visually examine the water level 
in tank, whereas, the inlet taps were provided to allow the water from base of the tank. 
(ii) Loading Arrangement 
The loading frame consists of four steel columns, bracing rods, main beams and cross 
beams. The four columns made up of channel section 250 x 125 x 6 mm and 
3.6 m high were provided at the four comers of the test tank. The columns are braced 
at the top by mild steel sections to provide adequate rigidity to the system. Two main 
beams made up of 250 x 125 x 6 mm single I section are used to provide rigidity to 
the columns. These beams can be fixed at any desired elevation with the help of nuts 
and bolts. The cross beams can be fitted to the main beams whenever required. The 
cross beams are made up of channel sections of size 200 x 100 x 6 mm positioned 
along the central line of the tank when the test was carried out. The cross beam 
provides the reaction to the hydraulic jack for loading the plate. The frame is capable 
of providing reaction of 400 kN. 
The load was applied to the test plate by means of a hydraulic jack of capacity 
500 kN. The reaction to the jack was provided by loading frame. The load was 
measured by a calibrated proving ring of 500 kN capacity, which was placed over the 
jack abutting the reaction beam. 
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(iii) Settlement Measuring Arrangement 
The settlement of the test plate was measured with the help of two dial gauges of least 
count 0.01 mm and travel equal to 50 mm placed at the diagonally opposite comers of 
the test plate. The dial gauges were supported on datum bars by means of magnetic 
stand. 
6.3.2 PREPARATION OF TEST BED 
The test beds were prepared by compacting (i) fly ash (ii) 92%fly ash+8%cement (iii) 
70%-50%fly ash+30%-50%waste sludge (iv) 62%-42%fly ash+8%cement+30%-50% 
waste sludge at their OMC in approximately 50 mm thick layers. Each layer was 
compacted to ensure the MDD values already achieved by laboratory Proctor 
compaction tests. 
A weighed quantity of fly ash, 92%fly ash+8%cement, fly ash+30%, 35%, 40%. 45% 
and 50%waste sludge and fly ash+8%cement+30%, 35%, 40%, 45% and 50%waste 
sludge in dry condition and water equivalent to OMC was added and mixed 
thoroughly by spade and hand as shown in Fig. 6.5. It was then compacted with the 
help of a hammer by imparting energy equivalent to that provided in Proctor 
compaction tests. Moisture content and dry density were determined by taking 
samples from the test beds. 
6.3.3 TEST PROCEDURE 
The plate load tests on 300 mm square plate were conducted as per the procedure 
described below: 
(i) Compacted Condition 
The test plate was placed at the centre of leveled surface of test bed. Hydraulic jack, 
proving ring and dial gauges were arranged as shown in Fig 6.2. Before starting the 
actual test a seating pressure of 7.0 kN/m^ was applied to the test plate to eliminate 
bedding error if any. The seating pressure was released before the actual loading was 
started. The settlements of the test plate was measured with the help of two dial 
gauges of 0.01 mm least count, placed diagonally opposite on the square plate. 
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The initial readings of the dial gauges were recorded and the first increment of load 
was applied to the test plate. The load was maintained till the settlement ceased or rate 
of settlement becomes less than 0.22 mm/min. The final reading of the dial gauge was 
then recorded and the next load increment was then applied. The test was continued 
till the failure occurred. 
(ii) Submerged Test Beds 
The test plate was placed on the prepared surface of compacted test bed. Water table 
was then raised upto the surface by introducing water into the test bed through the 
water inlet. The plate was then loaded in equal increments till the failure occurred. 
The level of was maintained at surface of the test bed throughout the test. 
(iii) Aged Test Beds 
The compacted test bed was left for a specified period of curing (aging). To prevent 
loss of moisture from the surface of the test bed during the period of curing (aging). 
the top surface of the prepared test bed was covered with polythene sheet. A small 
layer of fly ash was placed on it and it was further covered with polythene sheet. The 
test bed was then left undisturbed for specified period of curing (aging). At the time of 
testing, the top layer and the polythene covers were removed. The plate load test was 
then conducted in the same manner as described in Section 6.3.3(i). 
6.3.4 Test Conditions 
The plate load tests were conducted on 300 mm square plate under following conditions 
as shown in the Table 6.1. 
(i) As Compacted - Compacted at OMC and test conducted immediately after 
compaction. 
(ii) Compacted Submerged - Compacted at OMC and the test bed was 
submerged with water then plate load test was conducted. 
(iii) Aged - Compacted at OMC and allowed for a period of 28 days of curing 
before test. 
(iv) Aged Submerged - Compacted at OMC and allowed for a period of 28 days 
of curing, the test bed was submerged with water then load test was 
conducted. 
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Table-6.1 Details of Plate Load Tests 
Mix 
Fly ash(FA) 
92%FA+8%Cement (C) 
70%FA+30%Waste Sludge (S) 
65%FA+35%S 
60%FA+40%S 
55%FA+45%S 
50%FA+50%S 
62%FA+8%C+30%S 
57%FA+8%C+35%S 
52%FA+8%C+40%S 
47%FA+8%C+45%S 
42%FA+8%C+50%S 
Test Conditions 
As Compacted 
Compacted Submerged 
Aged (28 days) 
Aged (28 days and Submerged) 
As Compacted 
Compacted Submerged 
Aged (28 days) 
Aged (28 days and Submerged) 
As Compacted 
Compacted Submerged 
Aged (28 days) 
Aged (28 days and Submerged) 
As Compacted 
Compacted Submerged 
Aged (28 days) 
Aged (28 days and Submerged) 
As Compacted 
Compacted Submerged 
Aged (28 days) 
Aged (28 days and Submerged) 
As Compacted 
Compacted Submerged 
Aged (28 days) 
Aged (28 days and Submerged) 
As Compacted 
Compacted Submerged 
Aged (28 days) 
Aged (28 days and Submerged) 
As Compacted 
Compacted Submerged 
Aged (28 days) 
Aged (28 days and Submerged) 
As Compacted 
Compacted Submerged 
Aged (28 days) 
Aged (28 days and Submerged) 
As Compacted 
Compacted Submerged 
Aged (28 days) 
Aged (28 days and Submerged) 
Compacted at OMC 
Compacted Submerged 
Aged (28 days) 
Aged (28 days and Submerged) 
As Compacted 
Compacted Submerged 
Aged (28 days) 
Aged (28 days and Submerged) 
Number of Tests 
Conducted 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
... 
212 
6.4 RESULTS AND DISCUSSION 
Load-settlement curves obtained from the plate load tests are shown in Figs. 6.6 lo 
6.15. The ultimate bearing capacity obtained for the various combinations of mixes 
such as fly ash, fly ash-waste sludge, fly ash-cement and fly ash-cement-waste sludge 
are summarized in Table-6.2 (the ultimate bearing capacity is taken by double tangent 
method on load-settlement curve). The results are discussed to bring out load carrying 
capacity and the adequacy of the fills to carry foundation loads. The difference in the 
behaviour of fly ash and fly ash-cement-waste sludge and their combinations are also 
brought out. The effect of relative compaction, waste sludge, cement, submergence 
and aging (curing) on the performance of the fills are also discussed. 
Tabl^-6.2 Results of Plate Load Tests 
Material 
Fly ash(FA) 
As Compacted 
Compacted Submerged 
Aged (28 days) 
Aged (28 days and Submerged) 
70%FA+30%S 
As Compacted 
Compacted Submerged 
Aged (28 days) 
Aged (28 days and Submerged) 
65%FA+35%S 
As Compacted 
Compacted Submerged 
Aged (28 days) 
Aged (28 days and Submerged) 
60%FA+40%S 
As Compacted 
Compacted Submerged 
Aged (28 days) 
Aged (28 days and Submerged) 
55%FA+45%S 
As Compacted 
Compacted Submerged 
Aged (28 days) 
Aged (28 days and Submerged) 
Ultimate Bearing Capacity 
(kN/m^) 
450 
003 
590 
350 
725 
062 
1000 
798 
810 
105 
1300 
995 
1000 
225 
1440 
1275 
1100 
510 
1345 
1334 
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Table-6.2 Results of Plate Load Tests (contd.) 
Material 
50%FA+50%S 
As Compacted 
Compacted Submerged 
Aged (28 days) 
Aged (28 days and Submerged) 
92%FA+8%C 
As Compacted 
Compacted Submerged 
Aged (28 days) 
Aged (28 days and Submerged) 
62%FA+8%C+30%S 
As Compacted 
Compacted Submerged 
Aged (28 days) 
Aged (28 days and Submerged) 
57%FA+8%C+35%S 
As Compacted 
Compacted Submerged 
Aged (28 days) 
Aged (28 days and submerged) 
52%FA+8%C+40%S 
As Compacted 
Compacted Submerged 
Aged (28 days) 
Aged (28 days and Submerged) 
47%FA+8%C+45%S 
As Compacted 
Compacted Submerged 
Aged (28 days) 
Aged (28 days and Submerged) 
42%FA+8%C+50%S 
As Compacted 
Compacted Submerged 
Aged (28 days) 
Aged (28 days and Submerged) 
Ultimate Bearing Capacity 
(kN/m^ 
1082 
125 
1200 
850 
600 
042 
920 
900 
1600 
112 
2380 
2200 
1900 
398 
3570 
3500 
2180 
497 
4000 
3900 
1850 
956 
5680 
4850 
1800 
788 
1200 
756 
— 
6.4.1 PERFORMANCE OF FLY ASH FILLS 
Fig. 6.7 and Table-6.2 show the results of plate load tests (i.e., load-settlement 
curves) conducted on test beds of fly ash under compacted, aged and submerged 
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conditions. The standard load-settlement curve for a 300 mm plate on dense sand 
(Peck et al. 1974) is also shown for the purpose of comparison. The following 
observations were made based on the test results. 
Test bed compacted fresh (0 day aging) gives a load carrying capacity of 450 kN/m" 
(Fig. 6.7 and Table-6.2). It is significantly higher than that of dense sand bed. Such a 
value of bearing capacity may be attributed to the effect of capillarity due to contact 
moisture. Poudel (1990) and Ramasamy et al. (1999) reported that the test beds of 
cohesionless soils, such as silty sand, affected by capillarity have exhibited bearing 
capacity as high as observed in the present study. 
6.4.1.1 Effect of Relative Compaction 
Control of fills in the construction, is a difficult task. Moisture content of compacted 
fill often deviates from OMC and thus, the MDD obtained is less than the maximum 
dry density (Proctor density achieved in the laboratory). Compaction achieved in the 
field is expressed in terms of relative compaction, the ratio of density achieved in the 
field to the maximum dry density (ydfieid/ Ydmax) achieved by Proctor compaction test, 
expressed as a percentage. 
Ahlvin and Smorfs (1988) reports that minimum relative compaction of the fill to be 
achieved, depends upon its intended use (for structural fill 95%, light duty pavements 
and fills outside building area 90% and fills in yard area 85%). Murty et al. (1999) 
have suggested 95% of modified Proctor density for embankments constructed using 
fly ash. 
The above observations indicate that the acceptable limit of relative compaction for 
satisfactory performance of fills vary from 85% to 95%. In order to study how the 
load-settlement behaviour is affected by relative compaction, a few load tests were 
carried out on fly ash test beds prepared at relative compaction between 90% to 
100%. 
Results of plate load tests on beds of fly ash at 90% to 100% relative compaction are 
shown in Fig. 6.6. These results show that the test bed with a relative compaction of 
90% exhibit significantly reduced load carrying capacity (300 kN/m^) as compared to 
that with the 100% (450 kN/m^) compaction. The reduction in load carrying capacity 
215 
at 95% (380 kN/m^) and 90% (300 kN/m )^ compaction with respect to 100% 
compaction were 16% and 33% respectively. The decrease in load carrying capacities 
was attributed to a significant reduction in relative density when compacted at 90% 
relative compaction. Thus, in terms of relative density, a bed compacted at relative 
compaction 90% becomes significantly inferior to a beds at 95% and 100% 
compaction. 
Therefore, in the case of fly ash fills a more stringent compaction requirement 
(probably a relative compaction above 95%) may be required to be specified. 
6.4.1.2 Effect of Aging 
Load carrying capacity of fly ash bed improves on aging. The load carrying capacity 
of 28 days aged bed is 590 kN/m which about 31% more than fresh condition 
(450 kN/m^). This is because of the improvement in shear strength due to aging as 
exhibited in shear strength tests (Chapter-5). 
6.4.1.3 Effect of Submergence 
On submergence of the fly ash bed, the load carrying capacity is reduced drastically, 
to that exhibited under compaction moisture content (Fig. 6.7). However, the 
reduction in the bearing capacity due to submergence in case of aged submerged 
fly ash is about 41% with respect to freshly compacted fly ash bed. Similar reduction 
6.4.2 PERFORMANCE OF FLY ASH-CEMENT-WASTE SLUDGE FILLS 
Figures 6.8 to 6.16 show the results of plate load tests for fly ash-cement-waste sludge 
blend for different possible conditions of compacted test beds. The results are 
discussed to bring out the effect of cement, waste sludge, curing (aging) and 
submergence of compacted beds. 
6.4.2.1 Effect of Additives 
The extensive plate load tests were performed to obtain the suitable combination of 
fly ash (FA)+waste sludge (S), fly ash+8% cement (C) and fly ash+8% cement+waste 
sludge. On the basis of studies carried out in Chapter-3 the quantity of cement was 
fixed to 8%. First of all the test beds were prepared with 92%FA+8%C and tested 
under compacted, compacted submerged, aged (28 days) and aged (28 days) 
submerged conditions, results are plotted in Fig. 6.8. Results show that the load 
carrying capacity of this mix under compacted condition was 600 kN/m which is 
substantially more than fly ash (450 kN/m^) under similar test condition. The increase 
in load carrying capacity of this mix with respect to fly ash was about to 33%. The 
increase in the load carrying capacity of 92%FA+8%C mix is might be due to the 
presence of fines on addition of cement in the fly ash, which fills in the voids and 
enhances the MDD from 9.3 kN/m^ (fly ash) to 11.45 kN/m^ (92%FA+8%C). The 
increase in the MDD results in increased load carrying capacity. 
Figures 6.9 to 6.12 show the results of plate load tests conducted on tests beds 
compacted at OMC for various combinations of waste sludge (30%, 35%, 40%. 45% 
and 50%) and fly ash (70%, 65%, 60%, 55% and 50%) under compacted, compacted 
submerged, aged (28 days) and aged (28 days) submerged conditions. The results are 
discussed to bring out the effect of waste sludge on load carrying capacity of fly ash. 
It is evident from Fig. 6.9 and Table-6.3 that the load carrying capacity of fly ash is 
increasing with increase in the waste sludge percentage. The maximum increase 
(144%) in ultimate load carrying capacity with respect to fly ash has been observed 
for the mix having 55%FA+45%S compacted at OMC. The MDD of the mix is again 
playing important role for increasing the load carrying capacity of the mix as it is 
mentioned in the Table-6.3. It shows that on increasing the waste sludge percentage 
in the fly ash, MDD of the mix also increases due to filling of fines in the voids up to 
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55%FA+45%S, afterwards the excess fines causing over-densed mass, leading to 
shearing of the mix on densification of the voids resuhs in decrease in the MDD. The 
significant increase in ultimate bearing capacity (1100 kNW) of the mix is observed 
upto mix 55%FA+45%S (MDD 13 kN/m^) thereafter, it decreases slightly (1082 
kN/m^) for the mix containing 50%FA+50%S (MDD 12.65 kNW). 
Table-6.3 Effect of Waste Sludge on Ultimate Bearing Capacity of Fly ash 
Under as Compacted (Fresh) Condition 
Mix 
Fly ash (FA) 
70%FA+30%S 
65%FA+35%S 
60%FA+40%S 
55%FA+45%S 
50%FA+50%S 
MDD 
(kN/m^ 
09.30 
11.50 
12.06 
12.40 
13.00 
12.65 
Ultimate Bearing 
Capacity 
(kN/m^) 
450 
725 
810 
1000 
1100 
1082 
Increase in Ultimate Bearing 
Capacity 
with respect to Fly ash 
(%) 
-
61 
80 
122 
144 
140 
The combined effect of waste sludge and cement on load carrying capacity of fly ash 
have been studied and results are shown in Fig. 6.14 to 6.15. From Fig. 6.14 it was 
observed that the load carrying capacity of fly ash is increasing manifold in 
compacted condition on addition of cement and waste sludge in it. The cement was 
added in a constant percentage of 8% with varying percentages of waste sludge from 
30% to 50%. The load carrying capacity of the mix blend with cement (Table-6.4) 
has been increasing in a similar way as in case of fly ash and waste sludge blend i.e., 
the load carrying capacity is increasing up to 52%FA+8%C+40% S (2180 kN/m^) and 
after that the load carrying capacity is decreasing to 1850 kN/m and 1800 kN/m" for 
mixes 47%FA+8%C+45%S and 42%FA+8%C+50%S respectively. Similar trend is 
observed in the load carrying capacity due to increase in MDD of the mix on addition 
of fines in the form of cement to the mix (Table-6.4). 
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55%FA+45%S, afterwards the excess fines causing over-densed mass, leading to 
shearing of the mix on densification of the voids results in decrease in the MDD. The 
significant increase in ultimate bearing capacity (1100 R N W ) of the mix is observed 
upto mix 55%FA+45%S (MDD 13 kNW) thereafter, it decreases slightly (1082 
kN/m^) for the mix containing 50%FA+50%S (MDD 12.65 kNW). 
Table-6.3 Effect of Waste Sludge on Ultimate Bearing Capacity of Fly ash 
Under as Compacted (Fresh) Condition 
Mix 
Fly ash (FA) 
70%FA+30%S 
65%FA+35%S 
60%FA+40%S 
55%FA+45%S 
50%FA+50%S 
MDD 
(kN/m^ 
09.30 
11.50 
12.06 
12.40 
13.00 
12.65 
Ultimate Bearing 
Capacity 
(kN/m^) 
450 
725 
810 
1000 
1100 
1082 
Increase in Ultimate Bearing 
Capacity 
with respect to Fly ash 
(%) 
61 
80 
122 
144 
140 
The combined effect of waste sludge and cement on load carrying capacity of fly ash 
have been studied and results are shown in Fig. 6.14 to 6.15. From Fig. 6.14 it was 
observed that the load carrying capacity of fly ash is increasing manifold in 
compacted condition on addition of cement and waste sludge in it. The cement was 
added in a constant percentage of 8% with varying percentages of waste sludge from 
30% to 50%. The load carrying capacity of the mix blend with cement (Table-6.4) 
has been increasing in a similar way as in case of fly ash and waste sludge blend i.e.. 
the load carrying capacity is increasing up to 52%FA+8%C+40% S (2180 kN/m^) and 
after that the load carrying capacity is decreasing to 1850 kN/m^ and 1800 kN/m^ for 
mixes 47%FA+8%C+45%S and 42%FA+8%C+50%S respectively. Similar trend is 
observed in the load carrying capacity due to increase in MDD of the mix on addition 
of fines in the form of cement to the mix (Table-6.4). 
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Table-6.4 Effect of Waste Sludge and Cement on Ultimate Bearing Capacity of 
Fly ash Under as Compacted (Fresh) Condition 
Mix 
Fly ash (FA) 
92%FA+8%C 
62%FA+8%C+30%S 
57%FA+8%C+35%S 
52%FA+8%C+40%S 
47%FA+8%C+45%S 
42%FA+8%C+50%S 
MDD 
(kN/m^ 
09.30 
10.92 
12.70 
13.73 
14.40 
13.35 
13.10 
Ultimate Bearing 
Capacity 
(kN/m^) 
450 
600 
1600 
1900 
2180 
1850 
1800 
Increase in Ultimate Bearing 
Capacity 
(w.r.t) 
Fly ash 
(%) 
033 
256 
322 
384 
311 
300 
Fly ash+Cement 
(%) 
— 
167 
217 
263 
208 
200 
6.4.2.2 Effect of Curing (Aging) 
Figures 6.13 and 6.16 show the results of plate load tests conducted on test beds of 
fly ash, fly ash-waste sludge, fly ash+cement and fly ash+cement+waste sludge 
compacted at OMC under as compacted and aged conditions. The results are 
discussed to bring out effect of fresh and curing (aging) on load carrying capacity of 
the mix. 
The aged (28 days) fly ash test bed shows a load carrying capacity higher than that of 
the as compacted (fresh) test bed. The load carrying capacity of aged fly ash has been 
increased to 590 kN/m^ which is 31% more than fresh fly ash bed (450 kN/m^). The 
load carrying capacity of fly ash on aging has been increasing, but the effect of aging 
is better pronounced in case of fly ash mixed with waste sludge and cement as shown 
in Table-6.5. From Figs. 6.15 to 6.16 and Table-6.5, it can also be observed that 
when only cement was added to the fly ash the increase in the load carrying capacity 
of aged 92%FA+8%C bed is 33%. On the other hand the effect of aging has most 
significant effect for the mix 47%FA+8%C+45%S, whose ultimate load carrying 
capacity, is 5680 kN/m^ which is 207% more than fresh compacted bed of similar 
conditions. However, it can also be envisaged that the test bed comprising 
42%FA+8%C+50%S mix blend has negative effect of aging on load carrying 
capacity. The ultimate load carrying capacity of this mix is (1200 kNW) which is 
33% less than compacted test bed (Fig. 6.16). The reason for decreased load carrying 
capacity of this mix on aging may be due to the presences of excess amount of waste 
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sludge i.e., beyond 45%, leading to the carbonation and shrinkage of the mix. It was 
visually observed that the shrinkage cracks were appeared on the test bed contains 
42%FA+8%C+50%S as the aging progresses. The other reason for developing cracks 
in the test bed may be due to presence of excess sulfate in the waste sludge leading to 
formation of ettringite which is responsible for brittle test bed. 
6.4.2.3 Effect of Submergence 
Figures 6.11 to 6.12, Figs 6.14 to 6.15 and Table-6.6 show the load carrying capacity 
of fresh and aged test beds of fly ash, fly ash+cement and fly ash+cement+waste 
sludge under submerged condition. These results show: 
Load carrying capacity of fly ash test bed is reduced significantly due to 
submergence. The load carrying capacity is reduced to almost zero under compacted 
condition. This is because of the effect of capillarity that vanishes on submergence. 
On the other hand when waste sludge was added to fly ash the effect of submergence 
was slightly reduced. On addition of cement with waste sludge to fly ash the decrease 
in load carrying capacity was continued on submergence, for fresh bed. The reason 
for decrease in load carrying capacity of fresh compacted mix on submergence might 
be due to replacement of fines with water leading to decrease in the MDD results in 
decrease in load carrying capacity of the mix. The fresh mix blends do not exhibit 
good bearing strength on submergence because in fresh mix the beds were tested 
immediately after compaction which does not allow the mix to set completely. 
Aged beds of fly ash show a substantial reduction in load carrying capacity on 
submergence from 590 kNm^ to 350 kNm^. However, the load carrying capacity in 
case of aged submerged mix is much higher than fresh submerged condition. This is 
because, in aged test bed, the cohesion exhibited under compaction moisture content 
is partly retained even on submergence. 
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TabIe-6.5 EfFect of Curing (Aging) on Ultimate Bearing Capacity of 
Fly ash-Cement-Waste Sludge 
Mix 
Fly ash 
70%FA+30%S 
65%FA+35%S 
60%FA+40%S 
55%FA+45%S 
50%FA+50%S 
92%FA+8%C 
62%FA+8%C+30%S 
57%FA+8%C+35%S 
52%FA+8%C+40%S 
47%FA+8%C+45%S 
42%FA+8%C+50%S 
Ultimate Bearing Capacity of 
(kN/m^) 
Fresh Bed 
450 
725 
810 
1000 
1100 
1082 
600 
1600 
1900 
2180 
1850 
1800 
28 days Aged 
Bed 
590 
1000 
1300 
1440 
1345 
1200 
920 
2380 
3570 
4000 
5680 
1200 
Increase in Ultimate 
Bearing Capacity 
w.r.t. 
Fresh Bed 
(%) 
31 
38 
60 
44 
22 
II 
53 
49 
88 
84 
207 
-33 
Fly ash-waste sludge-cement mix blend show a remarkable gain in strength under 
aged condition. It can also be observed from that the effect of submergence is 
negligible in aged submergence condition i.e., the load carrying capacity is not 
substantially reduced on submergence for the test beds mixed with fly ash-waste 
sludge-cement. The maximum decreases in load carrying capacity of aged submerged 
bed with respect to aged bed was observed as 41% for fly ash and 37% for mix 
containing 42%FA+8%C+50%S. The minimum decrease in the load carrying capacity 
of aged submerged bed vnth respect to aged bed was between 2% to 3% for the mix 
blend containing 92%FA+8%C, 57%FA+8%C+35%S and 52%FA+8%C+40%S. 
However, besides fly ash the most affected mix due to submergence is 
42%FA+8%C+50%S. The substantial decrease in load carrying capacity on 
submergence of this mix might be due to the formation of cracks developed in the mix 
on addition of excess amount of waste sludge and aging. Hence, the rising of water 
table upto submergence level causing catastrophic failure in this mix. It may be 
concluded that the most significant mix is 47%FA+8yoC+45%S which gives load 
carrying capacity as 5680 kNW at 28 days of curing and 4850 kN/m^ under aged 
submerged condition. 
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6.5 ESTIMATION OF SETTLEMENT OF FOOTING ON 
COMPACTED MIX FILL 
The review of the literature reported in Chapter-2 and results of the present study 
indicate that fills made of compacted fly ash and fly ash-cement-waste sludge are 
competent to transfer foundation loads. Fly ash is a cohesionless material, in 
cohesionless soils, often it is the settlement rather than bearing capacity failure, 
governs the design of foundations. 
Plate load tests are often resorted to evaluate the load-settlement performance of 
compacted fills. Fly ash fills, are subjected to pre-consolidation stresses due to 
compaction process (DiGioia et al. 1979). Pre-consolidation stresses affect the 
load-settlement behaviour of test plate / foundations (Ramasamy 1986). Very high 
bearing capacity and low settlement values exhibited by test plate resting on 
compacted beds of fly ash-cement-waste sludge and upto some extent of fly ash 
are attributed to the effect of these stresses. Therefore, in the interpretation of 
results of plate load test for estimation of settlement of footings, the effect of pre-
consolidation stresses should be taken into account appropriately. 
6.5.1 FIELD TEST ON COMPACTED ASH FILLS 
In the past, various researchers such as, Seals et al. 1972; Leonards and Bailey 
1982; Toth et al. 1988; Ghosh and Bhatnagar 1998; Dayal and Sinha 2000 have 
carried out penetration and plate load tests, to evaluate the load carrying capacity 
and settlement of foundations placed on fly ash fills . 
Toth et al. (1988) reported the performance of a fly ash landfill. The fill was 
compacted to 95% of standard Proctor density. Short term and long term plate load 
tests were conducted and the results are as shown in Table-6.7. The duration oi 
the long term test was 3 months. All the settlement in the long term test occurred 
within the first hour after load application. 
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Table-6.7 Plate Load Test on Compacted Fly ash Bed 
Test No. 
1 
2 
3 
4 
5 
6 
7 
Long term 
Plate 
Diameter 
(mm) 
600 
600 
600 
300 
600 
300 
300 
300 
Relative 
Compaction 
(%) 
93.4 
93.4 
98.2 
98.2 
85.2 
86.0 
100.2 
-
Loading 
Pressure 
(kN/m^) 
157 
192 
225 
225 
278 
1246 
1246 
240 
Observed 
Settlement 
(mm) 
4.1 
6.9 
3.2 
I.O 
4.0 
7.3 
4.0 
1.0 
Settlement in 
Dense Sand 
(Peck etal 1974) 
(mm) 
2.86 
3.31 • 
4.21 
2.37 
5.65 
25.0 
25.0 
2.64 
Settlement expected in dense sand deposit according to the standard load-settlement 
curves given by Peck et al. (1974) is calculated for the test loading pressures and 
compared (last column of Table-6.7).The comparison shows that the fly ash fill has 
performed even better than that of dense sand. This is attributed to the effect of 
capillary and pre-consolidation stress in compacted fly ash fills. 
The above cited cases suggest that the available methods of settlement computation of 
footing on cohesionless soils (sands) such as Schmertmarm (1978) method, De Beer 
and Martens procedure and the formula for extrapolation of plate settlement to footing 
settlement are not applicable in the case of footing/ plate on compacted ash as the 
effect of pre-consolidation stresses is not accounted. Accordingly, an attempt has been 
made to develop a method of estimating load-settlement behaviour of footing on 
compacted fly ash-cement-waste sludge fills taking into account the pre-consolidation 
stresses. 
6.5.2 PROPOSED METHOD 
An analytical approach for the estimation of settlement of footings placed on 
compacted fly ash-cement-waste sludge beds has been proposed. The method has 
been developed based on the following assumptions: 
(1) Schmertmann el al. (1978), based on experimental and analytical evidence. 
have shown that the vertical strain below a loaded footing resting on 
cohesionless soil varies. In the case of a footing / plate resting on compacted 
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fly ash-cement-waste sludge bed also, a similar variation of strain can be 
expected and therefore, the same may be assumed. 
(2) Load-settlement relationship is non linear implying decrease in the modulus of 
compressibility with increasing load intensity. Accordingly, it is assumed that 
the non linearity in load-settlement behaviour may be modeled by an 
appropriate variation (reduction) of the modulus as a function of loading 
intensity and ultimate bearing capacity of footing / plate. 
6.5.2.1 Estimation of Load-Settiement using Proposed Method 
Based on the above assumptions, the settlement of footing resting on compacted 
fly ash-cement-waste sludge bed may be computed using Eq. 6.1. The strain influence 
factor as proposed by Schmertmann (1978) has been adopted. Eq. 6.2 defines E, 
which is a modified version of the model proposed by Bobe and Pietsch (1981) and 
Ramasamy (1986). 
Thus, the settlement of footing is given by 
t^ E 
Where, S 
I. 
dz 
B 
E 
E - [Eg + Aa-^)x 
(6.1) 
settlement of the footing 
applied load intensity 
strain influence factor 
thickness of layer considered 
depth below the base of the footing up to centre of the 
layer considered. 
side of footing / test plate 
Young's modulus calculated from Eq. 6.2 
(6.2) 
2q., 
Where, 
EQ and A constants obtained from the results of triaxial test 
conducted at different confining pressures. 
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(7, = confining pressure due to overburden pressure and 
pre-consolidation stress at the depth considered in 
settlement computation. 
q = the net applied load intensity on the footing/plate. 
^^  = ultimate bearing capacity of footing / plate as obtained 
using Terzaghi's equation. 
The required inputs for the settlement computation in the above proposed method has 
been obtained as follows: 
(i) The Young's modulus has been obtained from triaxial tests conducted at 
different confining pressures, 
(ii) The pre-consolidation stress was estimated from one dimensional 
consolidation test data (Onitsuka et al. 1995). 
6.5,2.2 Evaluation of Input Parameters 
As discussed in Section 6.5.2.1, the input parameters for the proposed model are 
Young's modulus of elasticity, pre-consolidation stress and ultimate bearing capacity 
of footing. These parameters may be obtained by adopting procedures as discussed 
below: 
6.5.2.2.1 Determination of£, E^^X and q^^ 
The sample has been collected from compacted bed and triaxial test under different 
confining stresses (Consolidating stresses) has been carried out. The initial straight 
line portion of the deviator stress versus strain plot gives the value of £ corresponding 
to the confining stress of the test. The values of E, thus obtained are plotted as a 
ftmction of confining stress and an average straight line is fitted (Fig. 6.17). The 
intercept on the E axis gives E^ value and the slope of the sfraight line gives X value. 
The ultimate bearing capacity {q^) may be obtained using Terzaghi's bearing capacity 
equation. The shear strength parameters c and (() may be obtained from the results of 
triaxial test using p-q plot [p = 0.5(c7, +a,) and ^ = 0.5(o-| -CT , ) ] as discussed in 
Chapter-5. 
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6.5.2.2.2 Determination of Pre-consolidation Stress 
The pre-consolidation stress may be obtained by conducting one dimensional 
consolidation test. Grozic et al. (2003) analyzed the available methods (Becker ei al. 
1987; Burland 1990; Onitsuka et al. 1995) for determining pre-consolidation stress 
and suggested that the method proposed by Becker et al. (1987) and the bilogarithmic 
method proposed by Onitsuka et al. (1995) provided the best agreement between the 
interpreted and actual pre-consolidation stress. 
The bilogarithmic method consists of plotting a graph between In (1+e) and log p of 
the test values which results in two distinct straight lines (Fig. 6.18). The intersection 
point of the two lines gives the pre-consolidation stress. 
6.5.3 EXPERIMENTAL WORK FOR VALIDATION OF THE PROPOSED 
METHOD 
The results of plate load test of one of the best combinations of fly ash-cement-waste 
sludge mix blend (47%FA+8%C+45%S) was chosen for the validation of the 
proposed model for the following four conditions: 
(i) Condition I - Test on a bed compacted to 95% relative compaction and OMC 
of standard Proctor test, 
(ii) Condition II - Test on a bed compacted to 95% relative compaction and OMC 
of standard Proctor test and aged for 28 days, 
(iii) Condition III - Test on a bed compacted to 100% relative compaction and 
OMC of standard Proctor test, 
(iv) Condition IV - Test on a bed compacted to 100% relative compaction and 
OMC of standard Proctor test and aged for 28 days. 
6.5.3.1 Experimental Results 
The load-settlement obtained from plate load test was compared with that predicted 
value using the proposed model with inputs such as E^,X, c, ^ and 
pre-consolidation stress as obtained from the appropriate laboratory tests (Figs. 6.19 
to 6.22 and Table-6.8 ). The load-settlement plots for all the four conditions are 
shown in Figs. 6.23 to 6.26 and described as observed plot. 
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Table-6.8 Input Results from Laboratory Tests 
Test 
Condition 
1 
II 
MI 
IV 
E 
(kN/m^) 
£ = 1750-3+15500 
£ = 993.60-3+478450 
£ = 314.430-3+26316 
£ = 1233.60-3+555655 
Pre-consolidation 
Stress 
Pc 
(kN/m^) 
220.0 
180.5 
260.0 
410.8 
Shear Strength 
Parameters 
Cohesion 
c 
(kN/m^) 
380 
1000 
850 
1610 
Angle of 
Shearing 
Resistance 
25 
34 
28 
42 
6.5.3.2 Computation of Load-Settlement using Proposed Method 
The load-settlement was computed using proposed model (Eqs. 6.1 and 6.2) and input 
data obtained from laboratory work (Table 6.8). The procedure adopted for 
computation is as follows: 
(i) Considering 2B i.e. 600 mm as significant depth from vertical stress point 
of view, below the test plate, was divided into 3 layers, each layer of 
200 mm thickness. The settlements were computed at the cenfre of each 
layer. 
(ii) The ultimate bearing capacity ( ^ J was determined using Terzaghi's 
bearing capacity equation. 
(iii) The effective confining pressure (CTJ is the sum of that due to 
pre-consolidation stress and overburden pressure. The effective horizontal 
confining stress at depth z is taken as, 
0-3 = k, 
Where, 
r\-^\*P. 
Pc 
1 - Sin (f) 
bulk unit weight, kN/m^ 
depth below the base of test plate 
pre-consolidation stress, kN/m^ 
(6.3) 
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Substituting the values of E^, A, q^, CT, and applied load intensity, qin Eq. 6.2, the 
values of £• was computed for each layer. 
(iv) Using Eq. 6.1, the settlement of each layer was computed for different load 
intensities, 
(v) The load-settlement curves were plotted for computed and observed values 
(Figs.6.23 to 6.26). 
6.5.4 COMPARISON OF COMPUTED AND OBSERVED LOAD-
SETTLEMENT BEHAVIOUR 
The comparison of the computed and observed load-settlement values are shown in 
Figs.6.23 to 6.26. The comparison shows that the proposed method predicts the 
observed settlement fairly well for all test conditions of the 47%FA+8%C+45%S mix. 
The similar results were reported by Ramasamy and Pusadkar (2007) for Dadri 
fly ash. 
6.6 CONCLUDING REMARKS 
A summary of conclusions arrived on the basis of the results of plate load tests carried 
out on compacted fills of fly ash, fly ash-waste sludge, fly ash-cement and fly ash-
cement-waste sludge and their combinations is presented here: 
(i) Fly ash bed at compaction moisture content exhibit moderate bearing capacity, 
which may be attributed to the effect of capillarity due to contact moisture. 
(ii) Fly ash exhibits very poor load carrying capacity under submerged condition, 
which indicates that fly ash should not be used in the areas where chances of 
heavy down pour or rising of ground water table causing the fill to get 
submerged. 
(iii) On 28 days of aging fly ash exhibits slightly better load carrying capacity 
(590 kN/m-) than freshly compacted test bed (450 kN/m^). Therefore, the 
fly ash fills may be useful in the places where sufficient time is to be given to 
the fill before construction to achieve better strength. 
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(iv) A relative compaction (ratio of compaction density/Proctor density, expressed 
as percentage) of 85% to 95% is usually specified as acceptable in compacted 
fills. Fly ash fills compacted at a relative density of about 90% have exhibited 
a significant reduction in load carrying capacity. Therefore, in this case for fi> 
ash fills, a more stringent compaction requirement (probably a relative 
compaction more than 95%) may be required to be specified. 
(v) Combination of 92FA+8%C shows a load carrying capacity of 600 kN/nr 
which is better than fly ash (450 kN/m^) but lesser than 55%FA+45%S mix 
(llOOkN/m'). 
(vi) Test beds prepared with fly ash-cement-waste sludge under as compacted 
condifion (fresh) show very high load carrying capacity (1600-2180 kN/nr). 
This is in agreement with the results of plate load test (qu=1724 kN/m") 
reported by Leonards and Bailey (1982) on moist compacted ash containing 
46%-61% fines (fly ash) on 300 mm square plate. 
(vii) 52%FA+40%S+8%C and 47%FA+45%S+8% C combinations show the 
highest load carrying capacity in as compacted and aged conditions among all 
other combinations. 
(viii) The performance of the mix 42%FA+50%S+8%C has not been good 
particularly for aged and aged submerged conditions because of development 
of cracks due to shrinkage and carbonation reaction on aging. 
(ix) Foundations on fills may undergo submergence during the life time of the 
structures they support. Therefore, if the results of load tests on beds under as 
compacted condition are taken as the basis for design, may lead to unsafe 
design, as there is significant loss in the capacity when fill gets submerged. 
(x) The combinafions of 62% to 57%fly ash-30% to 45% electroplating waste 
sludge and 8% cement are competent alternative fill materials than natural 
soils. Use of such materials for structural fills will help in the saving of natural 
borrow material and precious land, in addition to solving the problems of 
disposal of fly ash and electroplafing waste sludge as well. 
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(xi) A comparison of load-settlement values observed in plate load tests and 
predicted values for the mix 47%FA+45%S+8%C, using the proposed method 
shows good agreement. Hence, the method proposed by Bobe and Pietsch 
(1981); Ramasamy (1986); Ramasamy and Pusadkar (2007) for computing 
settlement of Dadri fly ash may suitably be used for mix containing 
Harduaganj fly ash, lime precipitated waste sludge and cement as well. This 
relationship may be useful to the field engineers to check the reported load-
settlement values for such types of mixes in the field. 
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Fig. 6.1: A View of Loading Frame and Plate Load Test Setup 
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Fig. 6.2: Plan of General Arrangement of the Test Setup 
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Fig. 6.3: Plate Load Test in Progress on Fly ash 
Fig. 6.4: Plate Load Test on Fully Submerged Fly ash 
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Fig. 6.6: Plate Load Test on Fly ash (Effect of Relative Compaction) 
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Fig. 6.7: Load-Settlement Curves of Fly ash 
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Fig. 6.9: Load-Settlement Curves of Compacted Fly ash+Wastc Sludge 
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Fig. 6.10: Load-Settlement Curves of Aged Fly ash+Waste Sludge 
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Fig. 6.11: Load-Settlement Curves for Compacted and Compacted 
Submerged Fly ash+Waste Sludge 
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Chapter-7 
CONCLUSIONS AND SCOPE FOR FURTHER STUDY 
7.1 CONCLUSIONS 
With the aim to utilize two industrial wastes viz., fly ash from Harduaganj Thermal 
Power Plant and electroplating waste sludge from Aligarh hardware and lock 
industries, for geotechnical and highway applications in an environmentally safe 
manner, detailed investigations were undertaken. In the first part of the study, an 
attempt was made to assess the stabilization of the mix containing fly ash-waste 
sludge-cement by compressive strength and leaching tests. On the basis of the 
performance of these mixes, the range of optimum percentages of fly ash. waste 
sludge and cement were selected for further investigations related to geotechnical and 
highway engineering aspects. Compaction parameters, namely maximum dry density 
(MDD) and optimum moisture content (OMC), determined from Proctor compaction 
test, serve as the benchmark values to assess the quality of compaction. The design 
and performance of foundations, stability of slopes, earthen structures etc., mainly 
depends upon the shear strength of the fills. Therefore, the suitability and 
effectiveness of fly ash, waste sludge and cement mix were further investigated by 
unconsolidated undrained (UU-test) triaxial compression tests. Experimental 
investigations were also undertaken to check the pavement worthiness of these mixes 
by California bearing ratio tests. 
Based on analytical approach and from plate load test data, a method has been 
suggested to compute settlement of footing resting on compacted fly ash-waste 
sludge-cement mix. Data on settlement of foundations resting on compacted fly ash 
and fly ash-waste sludge-cement fills under various possible conditions are lacking in 
literature and therefore, the suggested procedure could not be vetted with field 
evidence. In view of this, the suggested method may be considered as tentative. 
Some of the significant conclusions and observations emerging from the present study 
are given here. 
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7.1.1 CHARACTERIZATION OF MATERIALS AND STABILIZATION OF MIX 
• The present stabilization process is very effective in controlling the 
environmental pollution, because the heavy toxic metals were completely 
recycled without any adverse impact on the environment, as the stabilized mix 
complies with the standards set by US EPA (1992) and other agencies like 
EEC (1991) and DIN (1984). This study also encourages the mass scale 
utilization of fly ash and electroplating waste sludge for geotechnical 
applications. 
The maximum compressive strength was obtained for 60% to 55% tly ash. 
30% to 45% waste sludge and 8% cement composition. The average 
compressive strength for the above range of mix is 38.4 MPa at 28 days curing 
cycle. 
In terms of economy and moderate strength the 55%)FA+45%S mix proves to 
be the best combination to have 21.03 MPa and 23.5 MPa compressive 
strengths at 28 and 90 days curing cycles respectively. Hence, the optimum 
percentages of fly ash and waste sludge were 55% and 45% respectively. 
As curing time increases, the compressive strength also increases, which 
shows that the mix is durable and long lasting. The significant increase in 
compressive strength is observed between 14 to 28 days curing cycles. 
However, on increasing curing cycle for further upto 90 days, the mix not only 
maintains its strength but the increase in strength can also be observed. 
On determining the pH of different mixes it is found that the pH values are 
found in the range of 6.9-10.9. On further analyzing the mix by Atomic 
Absorption Spectrophotometer (AAS) it has been observed that the 
concentration of heavy metals in the leachates has been reduced by 97%-
100%. When the experimental results of leaching compared with US EPA 
(1992), EEC (1991) and DIN (1984), it is found that the heavy metals in the 
waste sludge have been completely stabilized by fly ash-cement system. 
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• It is also observed that the maximum quantity of waste sludge, which could be 
added in fly ash is upto 45%. The addition of waste sludge beyond 45% 
decreases the strength of the mix due to development of shrinkage cracks. 
7.1.2 COMPACTION PROPERTIES OF MIX 
• Maximum dry density (MDD) and optimum moisture content (OMC) values 
of fly ash and fly ash-waste sludge used for structural fill may be taken as the 
average of atleast three replicate compaction tests. 
• The use of fresh sample of fly ash and fly ash-waste sludge for every 
compaction test may be used for determining the compaction properties. 
• The preconditioning period is found to influence the MDD values of fly ash 
and fly ash-waste sludge mix. Therefore, a period equivalent to the expected 
time interval between wetting and compaction in the field may be adopted as 
preconditioning period for all types of fly ash and fly ash-waste sludge mix in 
the laboratory. 
• The mix blend containing fly ash between 55%-65% and waste sludge 
between 35%—45% gives good results and may be adopted for geotechnical 
and highway applications. 
• In order to achieve good quality structural fills, the MDD values obtained 
from modified Proctor test may be adopted as a benchmark value. 
• A comparison of MDD and OMC values obtained by laboratory compaction 
tests and computed by using proposed equation for Dadri pond ash show good 
agreement for Harduaganj fly ash and fly ash-waste sludge mixes as well, 
which further validates the proposed method. Therefore, this relationship may 
be useful to the field engineers to check the reported MDD values in the field 
for the present fly ash and fly ash-waste sludge mixes. 
7.1.3 SHEAR STRENGTH AND CALIFORNIA BEARING RATIO OF MIX 
• The shear strength of fly ash improves on aging. The improvement in shear 
strength is of the order of 12.5% and 25% after 28 and 90 days of aging. 
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• The average undrained cohesion values of fly ash have been observed as 
0.04 MPa and 0.043 MPa at 28 and 90 days of aging respectively. The gain in the 
cohesion due to aging is 33% and 43% respectively, when compared with 7 days 
of aging. 
• The average peak friction angle ((j)) increases to 17.2° at 90 days of aging. 
• The mix containing 70%-55% fly ash and 30%-45% waste sludge exhibited good 
shear strength characteristics. 
• The shear strength of the mix increases with increase in the waste sludge content 
and curing periods. Amongst all the combinations of fly ash-waste sludge mixes. 
60% FA+40% S mix exhibits highest shear strength of 1.53 MPa at 28 days of 
curing, which is 17 times more than the shear strength of fly ash at the same 
curing period. 
• The average peak friction angle ((])) of the mix 60%FA+40%S increases 
significantly from 15" (fly ash) to 33" at 7 days of curing. 
• Addition of small percentage of cement (8%) along with waste sludge to fly ash 
enhances the shear strength and California bearing ratio of the mix at initial stage 
of curing. 
• The rate of gain of shear strength of the mix 92%FA+8%C is 0.0.59 MPa which is 
556% more than the fly ash (0.09 MPa) at 28 days of curing. The gain in the shear 
strength continues further at 90 days of curing as well. 
• The average peak friction angle ((j)) of the mix increases significantly from 15.2" 
(fly ash) to 39"at 28 days of curing. The gain in the (f) value has observed as 157%. 
• The value of average undrained cohesion of the mix has been obsei-ved as 
0.41 MPa at 28 days of curing, which is 925% more than that of fly ash. 
• Amongst all the combinations of fly ash-waste sludge-cement mixes. 
47%FA+45%S+8%C mix exhibits maximum shear strength of 2.15 MPa at 
28 days of curing, which is 24 times more than the fly ash. 
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• The percent gain in average undrained cohesion (c) of this mix with respect to fly 
ash at 28 days of curing is 3350%. 
• The average peak friction angle ((j)) of this mix has been increased significantly 
from 15.2° (fly ash) to 42°at 28 days of curing. The gain in the (j) value observed 
as 176%. The improvement in the (j) value continues at 90 days (50°), which is 
190% more than fly ash. 
• Amongst all combinations of fly ash-waste sludge-cement mixes, mix 
42%FA+50%S+8%C exhibits lowest shear strength of 1.43 and 0.56 MPa at 
28 and 90 days of curing respectively. 
• The Freshly compacted fly ash exhibits poor CBR value of 3.6%, which is very 
low and undesirable for construction. 
• CBR value of fly ash improves with age. The improvement in CBR is of the order 
of 103%) after 90 days of aging. 
• The 92%)FA+8%)C mix exhibits better CBR value than fly ash. The CBR value of 
this mix under as compacted (fresh) condition is 4.8% which is 34%) more than fly 
ash. 
• The mix containing fly ash-waste sludge exhibits load bearing characteristics 
better than fly ash under as compacted (fresh) and aged conditions. 
• Amongst all combinations of fly ash-waste sludge mixes, 55%FA+45%S mix 
exhibits highest CBR value of 9.4%) under as compacted (fresh) condition. 
• The lowest CBR value has been observed as 5.8% for the mix 70%FA+30%S 
under as compacted (fresh) condition. 
• The most significant effect of curing has been observed in case of 45%FA+55%S 
mix. The value of CBR at 90 days of curing has been observed as 34.2%. 
• Combinations of fly ash-cement-waste sludge exhibit better CBR values than 
fly ash and fly ash-waste sludge mix. 
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• Amongst all combinations of fly ash-waste sludge-cement, 47%FA+8%C+45%S 
mix exhibits highest CBR of 10.2% under as compacted condition. 
• The CBR value of mixes improves on curing. The improvement in the CBR has 
been observed for the mix 42%FA+8%C+50%S at 90 days of curing. The CBR 
value of this mix is 43.7% which is categorized as good. The gain in CBR value is 
498% as compared to fly ash. 
• At 28 days of curing mixes 47%FA+45%S+8%C, 42%FA+50%S+8%C and 
37%FA+55%S+8%C exhibit almost equal CBR values. The CBR values are 37.9. 
38.9 and 37.9% respectively. Due to fairiy good CBR values, any of the mixes can 
suitable be used in the construction of pavement. 
7.1.4 LOAD-SETTLEMENT BEHAVIOUR OF MIX 
• Fly ash bed at compaction moisture content exhibits low to moderate bearing 
capacity. 
• Fly ash exhibits very poor performance under submerged condition, which 
indicates that fly ash should not be used in the areas where chances of heavy down 
pour or rising of ground water table exist, causing the fill to get submerged. 
• On 28 days of aging, fly ash exhibits slightly better load carrying capacity 
(590 kN/m^) than freshly compacted test bed (450 kN/m^). Therefore, fly ash fills 
may be useful in the places where sufficient time is to be given to the fill before 
construction to achieve better strength. 
• A relative compaction (ratio of compaction density/Proctor density, expressed as 
percentage) of 85% to 95% is usually specified as acceptable in compacted fills. 
Fly ash fills compacted at a relative density of about 90% have exhibited a 
significant reduction in load carrying capacity. Therefore, in this case of fly ash 
fills, a more stringent compacfion requirement (probably a relative compaction 
more than 95%) may be required to be specified. 
• Combination of 92%FA+8%C shows a load carrying capacity of 600 kN/m^ 
which is better than fly ash (450 kN/m^) but lesser than fly ash and waste sludge 
combinadon 55%FA+45%S (1100 kNW). 
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• Test beds of combinations of fly ash-cement-waste sludge under as compacted 
condition show very high load carrying capacity (1600-2180 kN/m^). This is in 
agreement with the results of plate load test (qu=1724 kN/m') reported b\ 
Leonards and Bailey (1982) on moist compacted ash containing 46%-61% fmes 
(fly ash) on 300 mm square plate. 
• 52%FA+40%S+8%C and 47%FA+45%S+8%C combinations show the highest 
load carrying capacity in as compacted (fresh) and aged conditions of all 
combinations tested. 
• The performance of the mix 42%FA+50%S+8%C has not been good particularly 
for aged and aged submerged conditions because of the development of cracks 
due to shrinkage and carbonation reaction on aging. 
• Foundations on fills may undergo submergence during the life time of the 
structures they support. Therefore, the results of plate load test on bed under as 
compacted (fresh) condition, taken as the basis for design, may lead to unsafe 
design, as there is significant loss in the capacity when fill gets submerged. 
• The combinations of 55% to 70% fly ash-30% to 45% electroplating waste sludge 
and 8% cement are promising alternative fill materials than natural soils. Use of 
such materials for structural fills will help in the saving of natural borrow material 
and precious land, in addition to solving the problems of disposal of fly ash and 
electroplating waste sludge as well. 
• Compacted 47%FA+8%C+45%S mix exhibits pre-consolidafion stress due to 
compaction process, which affects the compressibility significantly. Therefore, a 
method of estimating settlement of footing on compacted fly ash-cement-waste 
sludge bed has been proposed taking into account the pre-consolidation stresses. 
• The comparison of load-settlement behaviour observed in plate load tests and 
analytical prediction using the proposed method are in good agreement, thus 
validating the proposed method. 
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7.2 SCOPE FOR FURTHER STUDY 
Utilization of wastes like fly ash and wastes sludge containing toxic metals in 
geotechnical applications is a major area of research. There is a wide scope left i'or 
both experimental as well as analytical investigations to understand the behaviour of 
mixes comprising of fly ash-waste sludge. Some of the following parameters need 
immediate attention; 
• Investigations need to be undertaken on calcium rich Class C fly ash. 
• The detailed consolidation studies are needed on these mixes to compute long 
term settlement. 
• The study of permeability may also be undertaken to predict the drainage 
behaviour of these mixes. 
• Analytical modeling of various parameters studied, will further add up to a better 
understanding and confidence for use of such mixes in mass scale utilizations. 
• The plate bearing test may be conducted on such fills to determine the modulus ol~ 
subgrade reactions, which is one of the important parameters for designing the 
rigid parameters. 
• The consolidated drained test (CD) may also be carried out to determine the 
precise shear strength and shear strength parameters as well as pore water 
pressure. 
• Other combinations of waste sludges and cement may also be tried. 
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